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Anintracranialaneurysmisavasculardisorderduetodiseaseorweakeningofthe
vesselwal.Itmayruptureundercertaincircumstancesandtherupturecanlead
toasubarachnoidhemorrhagewhichhasbeenreportedwithhighmorbidityand
mortalityrates.Inadditiontothebiologicalfactors,manystudieshaveindicated
thathemodynamicsmayplayakeyroleintheunderstandingofaneurysmgrowth,
ruptureandthrombusformationphenomena. Thisthesisisdevotedtomakea
deepunderstandingofintracranialaneurysmthroughhemodynamicanalysesusing
aCFDtoolbasedonthelatticeBoltzmannmethod.
Low-porosityendovascularstent,knownasflowdiverter,hasbeenproposedas
aneffectiveandminimalyinvasivetreatmentforintracranialaneurysm.Firstly,this
thesisconcentratedonthecorrelationbetweentheporosityconfigurationandthe
flowdiverterefficiencythroughthehemodynamicinvestigation.Ourstudysuggested
thattheefficiencyofaflowdivertercanbesufficientwhenitsporosityisaround
65%.Itwouldprovideanopportunityfortheclinicaldoctorstoinvestigatetheflow
diverterefficiencybeforetheclinicalinterventionanddeterminewhichcouldbethe
goodporosityconfigurationsforthepatients.
Somepatientswithfusiformorwide-necksaccularintracranialaneurysms,can’t
betreatedwithsingleflowdiverter.Toachievesufficientflowmodification,overlap-
pingmultipleflowdiverterdeviceswasthoughttobeagoodstrategytodecrease
theporosityacrosstheaneurysmneck.Itwasreportedthat66%patientswere
treatedwithmultipledevices. Thesecondpartofthisthesisisdedicatedtothe
hemodynamicinvestigationofmultipleflowdiverterdevices.
Thebiologicalmechanismofthrombusformationofintracranialaneurysmis
complicatedandnotfulyunderstood. Thethirdobjectiveofthisthesiswasto
describetheonion-skinbehaviorofthrombusformationprocessandinvestigatethe
effectofbloodflowvelocityonthrombusformation. Thrombuswithonion-skin
structurewasobservedinourinvestigationandbychangingthemagnitudeandthe
pulsatilityindexofvelocityprofile,thrombusformationcouldbetriggeredforsome
casesbutnotfortheotherones. Moreover,differentlocationsandfinalshapesofthe
thrombuswereobservedinourresults.Itshowedthatmagnitudeandthepulsatility
indexofvelocityprofilemayplayanimportantroleintriggeringthrombusformation
andthefinalshapeofthethrombus.
Résumé
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Unanévrismeintracrânienestundésordrevasculaireliéàunemaladieoul’affaibli-
ssementdelaparoid’unvaisseaudonnantnaissanceàunepetitepoche(semblable
àune’hernie’). Laparoidecettepocheouanévrismepeutserompredanscer-
tainescirconstancesetlarupturepeutmeneràunehémorragiesous-arachnoïdienne
quisetraduitpardestauxdemorbiditéetdemortalitétrèsélevés. Paraileurs,
desétudessurlesfacteursbiologiquesimpliquésdanscettepathologie,ontindiqué
quel’hémodynamiquejoueunrôleessentieldanslacompréhensiondelaformation
del’anévrisme,desacroissance,desaruptureéventueleoudelaformationd’un
thrombus.
Cettethèseestconsacréeàlacompréhensionavancéeducomportementdes
anévrismesintracrâniensparanalysehémodynamiqueréaliséeparCFD(Compu-
tationalFluidDynamics)ouMécaniquedesFluidesnumérique,vialaméthodede
Boltzmannsurréseau.Lecadredecettethèseestlimitéautraitementendovascu-
laireparstent’flowdiverter’àfaibleporositémodulable;Cestentaétéproposé
récemmentcommeuntraitementefficaceetpeuinvasifdel’anévrismeintracrânien.
Dansunpremiertemps,cettethèseseconcentresurlacorrélationdelaporosité
effectiveetdel’efficacitédeflowdiverterparétudehémodynamique.Letravailde
rechercheréalisétendàdémontrerquel’efficacitéd’unflowdiverterestsuffisante
lorsquesaporositéestprochede65%.Cerésultatestd’importancepuisqu’ilper-
mettraitauxpraticiens(neuroradiologueouneurochirurgien)deprédirel’efficacité
d’unflowdiverteravantl’interventioncliniqueetdedéterminerapriorilabonne
configurationpourobteniruneporositéaucoldel’anévrismeadaptéeàchaquepa-
tient.Certainsanévrismesfusiformesousacculairesaucol-largenepeuventpasêtre
traitésavecunseulflowdiverter. Unestratégiepossibleconsistealorsàutiliser
plusieursflowdivertersdansuneconfigurationtélescopique.Cettestratégiesemble
adaptéepourdiminuerlaporositéducoletanévrismalpourobtenirunemodulation
defluxsuffisantepourdéclencherlathrombose,mécanismedeformationduthrom-
busdanslacavitédel’anévrisme.Lapertinencedesrésultatsobtenusestrenforcée
parlefaitque66%despatientssonttraitésenmilieuhospitalierpardesdispositifs
àstentsmultiples.Enconséquence,ledeuxièmeobjectifdecettethèseestconsacré
àl’analysehémodynamiquedansuneconfigurationdeflowdivertersmultiples.Le
mécanismebiologiquedelaformationduthrombusd’unanévrismeintracrânienchez
unpatientspécifiqueestcomplexeetn’estpastotalementélucidéàcejour. Des
avancéessignificativesontpuêtreobtenuesdanscettethèseréaliséedanslecadredu
projetEuropéenThrombus(http://www.thrombus-vph.eu).Letroisièmeobjectifde
cettethèseestdemodéliserlaformationduthrombussuivantuneconfigurationen
couchesconcentriquesévoquantdeslamelesditeen’coupesd’oignon’correspon-
dantauxobservationsdeformationdethrombuschezcertainspatients,notamment
pourdesanévrismesgéants.Lemodèlebiologiqueélaboréiciprendnotammenten
comptel’effetdevitessedufluxsanguinsurlaformationdethrombus.Enfaisant
évoluerl’amplitudedelavitesseenamontdel’anévrismeetl’indexdepulsatilitédu
profildevitesse(fonctiondesamplitudesmaximumetminimumdelavitesse),la
formationd’unthrombus(oucailotdesang)peutêtredéclenchéepourquelquescas
parmilescastraités,commeobservéchezlespatients. Danscetteapprocheilest
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ànoterquedesemplacementsdifférentsetdesformesfinalesdethrombusvariées
ontétéobservésdanslesrésultatsobtenuspourlespatientsconsidérésdansnotre
étudeclinique.Ilaétédémontréquel’amplitudeetl’indexpulsatilitéduprofil
devitessepeuventjouerunrôleimportantdansledéclenchementdelaformation
d’unthrombusetdanssaformefinale.Finalement,cetteétudeauneimplication
indéniablenonseulementpourcomprendreleprocessusdeformationduthrombus
d’unanévrismeintracrânien,maisaussipourfournirunestratégied’optimisation
destechniquesdetraitementdesanévrismesintracrâniensparflowdiverter.
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I.1 Introduction et motivation
Anévrisme intracrânien
Un anévrisme intracrânien est un désordre vasculaire lié à une maladie ou à
l’affaiblissement de la paroi d’un vaisseau (voir la Figure1). Les anévrismes in-
tracrâniens se forment habituelement dans les bifurcations et au niveau des branches
des grandes artères situées sur le cercle de Wilis.
Figure 1: Un exemple d’anévrisme intracrânien.
La prévalence d’anévrismes intracrâniens dans la population est estimée au max-
imum à 6% [Rinkelet al.(1998)]. Bien que la plupart des anévrismes intracrâniens
restent stables et ne causent aucun symptôme, ils peuvent se rompre dans certaines
circonstances et la rupture peut occasionner une hémorragie sous-arachnoïdienne
qui mène à des taux élevés de morbidité et de mortalité [Wiebers (2003)]. Un
anévrisme intracrânien peut être sacciforme ou fusiforme. Il est à signaler que 90%
des anévrismes intracrâniens sont sacciformes [Weir (2002)
Cete thèse est accessible à l'adresse : htp:/theses.insa-lyon.fr/publication/2015ISAL0081/these.pdf 
© [Y. Zhang], [2015], INSA Lyon, tous droits réservés
], et que ces derniers se
3
présententcommeunedilatationdelaparoid’unvaisseausanguinavecuncolvisible
etunsacoucavité(voirlaFigure1).Enoutre,unanévrismeintracrânienpeutêtre
petit(inférieurà1,5cm),grand(1,5à2,5cm),géant(2,5à5cm)ousupergéant
(supérieurà5cm).Lerisquederuptured’unanévrismeintracrânienestliéentre
autreàsataile,àsamorphologieetauxparamètreshémodynamiques.
Traitementsactuelsdesanévrismesintracrâniens
1)Lacraniotomie:cetteprocédureimpliquel’ablationchirurgicaled’unepartie
ducrâne(voirlaFigure2).Lemédecinisolel’anévrismeetmetunclipenmétalau
coletdel’anévrismepourempêcherl’écoulementdusangdanslesacanévrismal.
Ensuite,lecrâneestsuturé.Lapréoccupationprincipalerésidedanslefaitquece
traitementpeutêtreincompletetcausermalgrétoutunehémorragie.
Figure2:Unecraniotomie(l’imageextraitede[Brismanetal.(2006)]).
2)L’embolisationpar’coils’:c’estunetechniquemini-invasive,oùl’incisiondu
crânen’estplusnécessairepourtraiterl’anévrismecérébral. Uncathétervaêtre
introduitparunvaisseausanguinauniveaudel’aineetêtreintroduitjusqu’aulieu
del’anévrismeoùlecoilseradéposé.Lesangpassantdanslacavitédel’anévrisme
4
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coaguleensuite(embolisation),cequiprévientlaruptureengénéral.Cetteprocé-
dureouprotocole,estréaliséesousanesthésiegénéraleoulocale. Malgrétoutce
traitementpeutêtrecaused’infection,d’occlusionouderupturedel’anévrisme.
Figure3:Embolisationparcoils(l’imageextraitede[Brismanetal.(2006)]).
3)Letraitementendovasculaireparstentàfaibleporosité,nommé’Flow-Diverter’
(stentàdérivationdeflux):Uncathéterestintroduitdelamêmefaçonquedans
lecasdutraitementparcoils.Lecathéterenplace,leFlow-Diverterestdéployéau
droitdel’anévrisme.Danscecas,leFlow-Divertermodulelefluxsanguinentrant
danslacavitédel’anévrismeentrainantdansunpremiertempslaformationd’un
cailotdesangouthrombusetdansundeuxièmetempslarésorptiondel’anévrisme
conduisantàlaguérisondanslemeileurdescas.
Analysehémodynamique
Ensusdesfacteursbiochimiques,lesparamètreshémodynamiquesjouentunrôle
clédanslacompréhensiondelaformationd’unanévrisme,desacroissanceetdesa
ruptureéventueleetacontrariodelaformationéventueled’unthrombusdansla
cavitédel’anévrisme[Steiger(1990),Cebraletal.(2005)].Lesparamètreshémody-
namiquestelsquelavitesseetlacontraintedecisailementàlaparoidel’anévrisme
(enanglais WalShearStress),ontétémesurésaucoursd’expériencesin-vivoet
in-vitropourcomprendreles mécanismesbiologiquessous-jacents[Steigeretal.
(1989),Tothetal.(1997)],ThrombusEuropeanProject-http://www.thrombus-
vph.eu). Cependantlesexpériencesin-vivoetin-vitroontleurslimitationsdans
YueZHANG
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Figure4:Flowdiverter(l’imageextraitedutraitementendovasculaire).
l’interprétationetenconséquence,depuisplusd’unedécennie,deschercheurset
médecinsétudientlesparamètresetcomportementshémodynamiquesdanslesanévrismes
cérébrauxetlesvaisseauxsanguinsparentsàl’aidedelamécaniquedesfluides
numériquesouCFD(ComputationalFluidDynamics). Danscecadrelaméthode
desélémentsfinisestutiliséeclassiquementpourrésoudrenumériquementdeséqua-
tionsauxdérivéespartielesdécrivantdesphénomènesphysiquesengendrésdans
domainedéfini. Egalement,desméthodesmoinsusitéestelesquelaméthodede
Boltzmannsurréseausontmisesenoeuvrepermettantdesapprochesmulti-écheles
etl’optimisationdestempsdecalcul.C’estlechoixquiaétéfaitdanscetravailde
thèsedoctorale.
Atitreindicatif,l’étudede[Citoetal.(2014)]apermisdemontrerquel’analyse
hémodynamiquepratiquéeaveclaCFDpeutcorroborerlesrésultatsobtenuslors
d’expériencesin-vitroetquecesmêmesexpériencespermettentderenseignerles
conditionsinitialesetauxlimitesdesmodèlesutilisésenCFD.Danslemêmeesprit,
lestechniquesd’imageriemédicalepermettentderenseignerlesconditionsinitiales
etlesconditionsauxlimitesdesmodèles(vitesse,..),etlesoutilsdereconstruction
numériqueàpartirdeséquencesd’imagesmédicalessontàmêmedegénérerdes
géométriesspécifiquesauxpatients.Ilestànoterquedenombreusesétudesont
étémenéespouranalyserleseffetssurlesconditionshémodynamiquesdupatient
occasionnésparletraitementendovasculaired’unanévrismeintracrânienpardéri-
vationdefluxendéployantunstentFlow-Diverter[Augsburgeretal.(2011),Cebral
etal.(2011),Peachetal.(2014)]. Egalementdesinvestigationsontétéréalisées
6
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pourtenterdeprédirelaformationduthrombusd’unpatientspécifique[Rayzetal.
(2008),Ouaredetal.(2008)]. Maisbeaucoupresteàdécouvrirdanscedomaineet
notammentlesmécanismesbiologiquesethémodynamiquesdéclenchantlaformation
d’unthrombusetsacroissancesontencoreàdécouvrir.
Motivation
MalgrélesuccèscroissantdutraitementdesanévrismesintracrâniensparFlow-
Diverters,lamorbiditéetlamortalitéassociéesauxFlow-Diverternesontpasnég-
ligeablesetmontentrespectivementà10%et5%,àpartirde6mois[Arreseetal.
(2013),Lubiczetal.(2010)].L’efficacitéduFlow-Diverterdéployéchezunpatient
restedifficileàestimeretlesmédecinssontàlaquêted’unemeileurecompréhen-
siondesphénomènesbiologiquescomplexesengendréspouvantconduireàlathrom-
bosedel’anévrisme.LerécentprojeteuropéenThrombus(http://www.thrombus-
vph.eu)aproduitdenouveauxrésultatsdanslacompréhensiondelaformationd’un
thrombusetdanscecadre,letravaildethèseprésentéiciaapportésacontribu-
tionauprojetThrombus(etceciencolaborationavecleScientificandParalel
ComputingGroupduCentreUniversitaired’Informatique’CUI’del’Universitéde
GenèveetleLaboratoiredeMédecineExpérimentale’LME’del’UniversitéLibrede
Bruxeles)enproduisantdansunpremiertempsuneétudeoriginaledesconditions
hémodynamiquesrencontréeslorsdudéploiementdestentsFlow-Diverterdansles
anévrismesintracrâniensetendonnantuneméthodepourestimerlaporositéeffec-
tiveaucoldel’anévrismedanscettesituation.Dansundeuxièmetemps,unmod-
èleoriginaldeformationvirtueled’unthrombusaétéproduitprenantencompte
lesparamètresbiologiquesidentifiéscommejouantunrôledanslaformationd’un
thrombus.
Plusprécisément,lacontributiondecestravauxderechercheseprésenteentrois
parties:
Premièrement,cettethèseétudielacorrélationporositéaucoldel’anévrismeet
déploiementduFlow-Diverterparétudehémodynamique.Ilestétabliautraversde
cescalculsquel’efficacitéd’unFlow-Diverterestjugéesuffisantelorsquesaporosité
avoisine65%.Cetteinformationdonnel’opportunitéauxcliniciensd’estimerl’efficacité
d’unFlow-Diverteravantl’interventionendovasculaireetdedéterminerlesbonnes
configurationsdeporositépourlespatients.
Deuxièmement,cettethèses’intéresseàl’analysehémodynamiquedeFlow-Diverters
multiples.Souvent,despatientsavecanévrismesfusiformesousacciformesàcol-
largenepeuventpasêtretraitésmécaniquementparlantavecunseulFlow-Diverter.
YueZHANG
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L’utilisationdedispositifsàFlow-Diverters multiplesestconsidéréecommeune
bonnestratégie.Ilspermettentunmontageadaptéauxgéométriescomplexesque
formentvaisseauxetanévrismes,etquiassurelacontinuitédufluxsanguin.Ilest
stipulédans[Fischeretal.(2012)]que66%despatientssonttraitéspardesdisposi-
tifsmultiples.Lesrésultatsobtenusàpartirdescalculshémodynamiquesmontrent
qu’ilestpossibled’envisagermécaniquementparlantunmontagecomptantplusieurs
Flow-Diverterssanspourcelamodifierlaporositédudispositifetcecicommesil’on
utilisaitunseulFlow-Diverter.
Troisièmement,lesmécanismesbiologiquesdelaformationdethrombusdansles
anévrismesintracrânienssontcomplexesetnesontpastotalementrésolusdufait
desmultiplesparamètresàprendreencompteetdeleurinteraction. Unmodèle
originaldelaformationduthrombusdanslacavitéd’unanévrismeestprésenté
etlesrésultatsproduisentunemodélisationparcouchessuccessivesditesen’bulbe
d’oignon’duthrombus.Acesrésultatsviennents’ajouteruneestimationdeseffets
delamodificationdufluxsanguinsurlaformationdecedernier.
Enconclusion,cetravaildethèseadesimplicationsnonseulementdansla
compréhensionduprocessusdeformationd’unthrombusdansunanévrismein-
tracrânien,maiségalementelefournitunevoiepourl’optimisationdutraitement
endovaculairedesanévrismesintracrâniens.
8
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I.2Fondementsdela méthodede
Boltzmannsurréseau
Dynamiquedesfluidesnumérique
Ladynamiquedesfluidesnumérique(enanglaislaComputationalfluiddynam-
ics-CFD)estunebranchedeladynamiquedesfluides.Leséquationsmisentenjeu
consistentendeséquationsauxdérivéespartieles(PDEs),àsavoirleséquationsde
Navier-Stokesquivisentàdécrirel’évolutiondesvariablesmacroscopiquesdeflux.
Ceséquationssontextrêmementcompliquéesetpourlaplupartdesapplicationspra-
tiques,lessolutionsanalytiquesnepeuventpasêtreobtenues.Al’aided’ordinateurs,
lestechniquesdeCFDoffrentunmoyendetrouverlessolutionsapproximativesde
PDEspardiscrétisationexplicite.
LaformedeséquationsdeNavier-Stokessont:
∂ρ
∂t+div(ρu)=0, (1)
∂ρu
∂t+div(ρu×u+pI−τ)=ρg, (2)
∂ρ
∂t+div(ρE+p)u−κdivT−(u·τ)
T =ρ(q+g·u). (3)
EquationdeBoltzmannetapproximationBGK
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Unpetitvolumedefluidecontientdenombreusesparticulesquinepeuventpas
essentielementêtresuiviesàlatraceindividuelement. Maisheureusementdans
lemondephysique,nousnoussommesintéressésaux,variablesvisibles(comme
lapressionetlatempérature)quipeuventêtrecalculeràpartird’unemoyenne
statistiqued’ungrandnombredeparticulesindividueles. Cefaitaétéprisen
comptedansl’équationdeBoltzmann,quiestunoutilprometteurpourexaminer
lecomportementdefluides.Ilconsidèrelaprobabilitéqu’uncertainnombrede
particulesoccupeunerégionconsidérablementpetited’espacecentréesurlaposition
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xetayantunevitesseautourdeξaumomentt. Lafonctiondedistributionde
probabilitépeutêtreécritecommef(x,ξ,t)eteleobéitàl’équationdeBoltzmann,
∂f
∂t+ξ·∇xf+
g
m·∇ξf=Ω(f,f), (4)
oùgestlaforceexternequiagitsurlesparticulesdanslefluide,m=constmasse
departiculeetΩ(f,f)l’intégraledecolisionquidécritl’effetdescolisionsentreles
particules.
Leproblèmemajeurpourappliquerl’équationdeBoltzmannestlanaturecom-
plexedel’intégraledecolisionΩ(f,f). Pourréglerceproblème,deschercheurs
ontproposébeaucoupdemodèlessimplifiésquicomprennentl’approximationde
BGK[Bhatnagaretal.(1954)].Elepeutêtredonnéepar
∂f
∂t+ξ·∇xf+
g
m·∇ξf=−
1
τ(f−f
eq), (5)
oùlecoefficientτestletempsderelaxationetfeqreprésentelafonctiond’équilibres
deladistributiondeMaxwel-Boltzmann.feqpeutêtredonnéepar
feq= ρ(2πkBT)D/2
exp−(ξ−u)
2
2kBT , (6)
oùρreprésenteladensitédufluide,kBlaconstantedeBoltzmann,Tlatempérature,
Dladimensionphysiqueetulavitessemoyenne.
Del’équation Boltzmannàl’équationde Boltz-
mannsurréseau
Historiquement,laméthodedeBoltzmannsurréseau(enanglaislatticeBoltz-
mannmethod-LBM)[Succi(2001)a]provientdesLatticeGasCelularAutomata
(LGCA)avecledésirdesedébarrasserdubruitdesLGCA.Contrairementauxméth-
odesCFDtraditionnelesquirésolventleséquationsdeconservation,LBMremplit
l’espacephysiqued’untreilisrégulieretmodéliseparexempleunfluidecomposéde
particulesfictivesquiexécutentdesprocessusdepropagationetdecolisionsurun
réseau.D’autrepart,nouspouvonsconsidérerLBMcommeuneformediscrétiséede
l’équationdeBoltzmann[Junk(2001)].Danscettesection,nousnousconcentrons
surlatransitiondel’équationdeBoltzmanncontinueàlaméthodedeBoltzmannsur
réseau.Nouspouvonsdonnerl’expressiondiscrètedelavitesseetdesesfonctions
dedistributionassociéescomme,
10
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ξ→ξi, (7)
(x,t)→fi(xi,t). (8)
Sinoussupposonsaucuneforceexterneetremplaçonslacolisionintégralepar
l’approximationdeBGK,l’équationdiscrètedeBoltzmannpeutêtredonnéepar
∂fi
∂t+ξi·∇fi=−
1
τ(fi−f
eq
i), (9)
oùfeqi représentelaformediscrètedefonctiondedistributiond’équilibredontnous
fournironsl’expressionàlafindecettesection.
Avantl’expressionfinaledel’équationBoltzmannsurréseau,laformesansdi-
mensiondel’Eq.(9),ilconvientd’introduireleséchelescaractéristiquescomme
suit
Lécheledelongueurcaractéristique:L
Lavitessederéférence:U0
Ladensitéderéférence:ρr
Lelibreparcoursmoyen:λ
(10)
Aveccesécheles,nouspouvonsfacilementobtenirlesvariablessansdimension:
Lafonctionderépartition:fˆi=fi/ρr
Lavitessedeparticule:ei=ξi/U0
Lavitessedusonsurréseau:ˆcs=cs/U0
Lavitessemacroscopique:uˆi=ui/U0
Letemps:tˆ=t·U0/L
Letempsdecolision:tc=λ/U0
Letempsderelaxation:τˆ=τ/tc=τ·U0/λ
(11)
Aveccesvariables,laformesansdimensiondel’équationdeBoltzmannpeuts’écrire:
∂ˆfi
∂ˆt+ei·∇fˆi=−
1
τˆ fˆi−fˆ
eq
i . (12)
Sinousdéfinissons∆ˆt= ∆t·U/Letlepasspatialduréseau∆ˆx=ei·∆ˆt,la
YueZHANG
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discrétisationdutempsetdel’espacedel’Eq.(12)peutprendrel’expression
fˆi xˆ,ˆt+∆ˆt−fˆi xˆ,ˆt
∆ˆt +
fˆi xˆ+ei·∆t,ˆt+∆ˆt−fˆi xˆ,ˆt+∆ˆt
∆ˆt
=fˆi xˆ+ei·∆t,ˆt+∆ˆt−fˆi xˆ,ˆt∆ˆt
=−1τˆ fˆi−fˆ
eq .
(13)
Sinouschoisissons∆ˆt=U0/λ,nouspouvonsobtenir
−1τˆ·∆ˆt=−
1
τˆ·U0/λ=−
1
τ. (14)
C’est-à-dire,enomettanttouslesˆ (conventionadoptéeparlaplupartdesarticles)
etenmultipliantl’Eq.(13)par∆ˆt,nouspouvonsobtenirlaformedéfinitivedela
méthodedeBoltzmannsurréseau
fi(x+ei·∆t,t+∆t)−fi(x,t)=−1τ(fi−f
eq
i), (15)
oùfeqi estgénéralementobtenueàpartirdestermesdelasériedeTaylordela
fonctiond’équilibrededistributiondeMaxweldansl’Eq.(6).Elepeuts’écrire:
feqi =ρωi 1+ei·ucs2 +
(ei·u)2
2cs4 −
u·u
2cs2 , (16)
oùωiestlecoefficientdepondérationetcslavitessedusonsurréseau;ρetu
représententrespectivementladensitémacroscopiqueetlavitessedufluide,etsont
obtenuespar
ρ=
i
fi=
i
feqi,
ρu=
i
eifi=
i
eifeqi.
(17)
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I.3Unnouveau modèlepourla
modélisationde’FlowDiverter’
FDcomplètementrésolus
Un modèledeflowdiverterpatientspécifique
Récemment,lemodèledeFlórez-ValenciaaétéconçupourcréerunFDvirtuel
àdéployerdanslagéométriespécifiqueaupatient[Flórez-Valenciaetal.(2012)].
Cetteméthodeestbaséesurunecombinaisondemodèlesmathématiques.Lessix
étapessuivantessontnécessairespourréaliserleFDetsondéploiement:
•Acquérirlesangiographiesrotationneles3Ddel’anévrismeavantledéploiement
duFD.
•Extrairelalignecentraleduvaisseauparent.
•Segmenterl’anévrismeetsonvaisseauparentindépendamment.
•Placerdeux‘graines’suivantlalignecentralepourdéfinirledébutetlefinde
lapositionduFD.
•Tisserlesentretoisessuivantlecylindrequiestcalculépourdécrirelagéométrie
globaleduFD.
•ReconstruirelagéométriedupatientavecleFD.
UnexemplesimpleestprésentéFigure5
Cete thèse est accessible à l'adresse : htp:/theses.insa-lyon.fr/publication/2015ISAL0081/these.pdf 
© [Y. Zhang], [2015], INSA Lyon, tous droits réservés
.Nousdevonsnoterquelespartiesrougeet
vertereprésententlevaisseauparentetl’anévrismecorrespondant,respectivement.
Enmêmetemps,lalignecentraleduvaisseauparentetdes‘graines’(lessphères
cyanetmagenta)ontétépositionnées.Cetteapplicationpermetauxutilisateursde
contrôlerlalongueurduFDendéplaçantles‘graines’suivantlalignecentrale.
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Figure 5: Déploiement instantané du FD avec l’application de Flórez-Valencia.
Le modèle d’état de cylindre généralisé
Premièrement, le modèle d’état de cylindre généralisé (RGC-sm) [Azencot and
Orkisz (2003)] est donné dans cette section. Ce modèle a pour objectif de produire
une courbe,A, et utilise un ensemble de contours continus pour décrire la surfaceS
deA(voir la Figure6). Il faut noter queΓ(t)eth(t)(Figure6(a)) appartiennent à
Aet le premier point de contourc(0,ω)(pour tous lesω) n’est pas nécessairement
placé sur le vecteur,γ1(t). La formule principale peut prendre comme expression:
c(t, ω)=Γ(t)f(t, ω)+h(t), (18)
oùt∈[0,L]est le paramètre de longueur (Lla longueur totale) deA,ω∈[0,2π]
le paramètre azimutal pour chaque contour,c(t, ω)la fonction paramétrique cylin-
drique qui calcule les points surS. En plus,Γ(t)eth(t)représententAau moyen
de repères orthonormés attachés aux points suivants, respectivement. Aussi,f(t, ω)
décrit l’ensemble du contourA(voir la Figure6(b)).
Ce modèle suppose qu’un cylindre complet peut être subdivisé en un ensemble
14
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Figure6: Modèled’étatdecylindregénéralisé(RGC-sm).LaFigure6(a)indiquele
générationdeplanàchaquecontour(deslignessolides).Chaqueplanestdéfinipar
unrepèreΓ(t)=[γ0(t),γ1(t),γ2(t)]etunpointh(t).LaFigure6(b)indiqueun
contourc(t,ω)quiestdéfinilocalementdanslabaseorthonormaleγ1(t),γ2(t)
(γ0(t)estlanormaleduplan).
depetitscylindresquisontdécritspardesparamètresconstantsetpouruncontour
Ai.Enconséquence,Γethdel’Eq.18s’écrivent:
Γi(ti)=Γi−1(ti−1+∆i−1)exp((t−ti)[ψi]× (19)
hi(ti)=hi−1(ti−1+∆i−1)+Γi(ti)
t
ti
exp((u−ti)[ψi]× xˆdu (20)
où[ψi]×estleproduitcroisédelamatriceantisymétriquedeψi=[τi,κisin(νi),κicos(νi)]
(levecteurparamétriquedelacourbe),∆ilalongueur,κilaconstantedecourbure,
τilaconstantedetorsionetνil’angleconstantderotationazimutale.
YueZHANG
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Création de réseau mailé
Par le processus précédent, nous avons obtenu l’image de segmentation de l’artère
Iv(p), l’image de segmentation de l’anévrismeIa(p)et la représentation cylindrique
du FDS(t, ω). Dans cette section, nous expliquerons comment générer l’entretoise
du FD, à l’aide des paramètres qui prennent en compte la structure spécifique du
FD. Ces paramètres peuvent se résumer comme suit:
•le nombre d’entretoises et de coilsns≥1;
•le diamètre de l’entretoisers>0;
•la longueur nominale du FDLs>0;
•le nombre de boucles par coilnl≥1; et
•les rayons minimal et maximal du FD,rmin >0etrmax >0.
Ces géométries sont représentées par des réseaux mailés.M = P,T est l’association
d’ensemble de pointsP={pi:0≤i≤N}avec une ensemble de trianglesT=
{aj,bj,cj :aj=bj=cj∧0≤aj,bj,cj≤N}. Nous appelonsPle réseau mailé de
lagéométrieetTle réseau mailétopologique. Nous pouvons nommerMvle réseau
mailé de l’artère etMFDle réseau mailé du FD.
Figure 7: Entretoises finales incorporées à l’artère modifiée.
Dans le monde réel, un autre élément important réside dans le processus de
déploiement du FD “interactif”. C’est-à-dire, l’artère parentale est prise comme
base de déploiement du FD, qui contrôle la forme physique du FD initiale. Ensuite,
16
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le FD modifiera la forme de l’artère en fonction de la résistance des entretoises
pendant le processus de déploiement. Cette procédure a été prise en compte dans
le modèle considéré dans cette thèse. La dernière étape comprend deux parties: la
modification de l’artère et le tissage des entretoises.
Le FD généré par cette application est un réseau mailé qui est déformé, entrelacé,
adapté au patient. Un exemple est présenté dans la Figure7. Dans la Figure8,
nous montrons plus le détail du FD, plus particulièrement, la stratégie de mailage
dite ‘deux pas en haut deux pas en bas’. Dans cette recherche, nous avons utilisé
principalement le FD Pipeline®(Flow diverter de la compagnie ev3-Covidien). Il et
à noter que nous pouvons produire différents types de stents fourmis par d’autres
fabricants de prothèses endovasculaires.
Figure 8: Gros plan de la structure d’entretoises.
Yue ZHANG
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I.4Etudedel’effetdelaporosité
Commeindiquéprécédemment,l’efficacitéd’unflowdiverter(FD)déployéreste
difficileàmesureretlesmédecinsontledésird’avoirunemeileurecompréhen-
siondelasituationpourunpatientdonné. Cependant,lesdifficultésprincipales
dansl’analysedel’efficacitéduFDsont:d’unepart,leschercheursnepeuventpas
seulementmodifierunparamètre,etmaintenirlesautresconditionsinchangées(par
exemplelagéométried’artèreetlavitessed’entrée)[Arreseetal.(2013)];etd’autre
part,lecoûtseratrèsonéreuxpourlancerdesexpériencesavecdesFDsauxconfig-
urationsdifférentes.Pourrésoudrecettequestion,l’étudeaprofitédelasimulation
numériqueaveclaméthodedeBoltzmannsurréseau.
DesdonnéesdespatientsaudéploiementvirtueldeFD
Quatreanévrismesintracrâniens(dansladeuxièmerangéedeFigure9)avec
destailesdifférentesontétéétudiésdansnotrerecherche.Lesdonnéesdesquatre
patientsontétéextraitesdelabasededonnéesduprojetThrombus. Toutesles
donnéesontététraitéesavecsuccèsparlesdispositifsdeFD(Pipeline®)audéparte-
mentderadiologiedeCHRUdeMontpelier,France.Pourchaquepatient,leprofil
devitesse(dansladernièrerangéedeFigure9)aétéacquispardesmédecinsà
partirdesimagesderésonancemagnétiqueàcontrastedephaseetuneapplication
faite-maisonquiestbaséesurlasegmentationd’imagesmédicalesetsurl’évaluation
delavitesse.
Estimationdelaporositépardesprocédésdesegmentation
d’image
Laquestiondel’estimationdelaporositéresteouverte,bienquedesétudes
pousséesaientétéréaliséesdans[Augsburgeretal.(2009),Larrabideetal.(2014)].
Danscettethèse,nousproposonsuncadreprécis(voirlaFigure10
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Figure9:Rangéesupérieure:lesimagesd’angiographienumériquequiontétéac-
quisependantletraitement;rangéedumilieu:lespointsdedépartetdefinpour
chaqueFD;rangéeinférieure:lesprofilsdevitessespécifiquesauxpatientsquiont
étéacquisparlesmédecins.
définiecommelerapportdelarégionducollibrediviséeparlarégionducoltotal
(Eq.(21)),
Porosity=AN−AFDAN ×100%, (21)
oùANetAFDreprésententlarégionducoltotaletlarégionduFD,respectivement.
DanslaFigure10,nousavonsextraitlarégionpertinente(voirlaFigure10b)
del’imageoriginale,quipeutêtreconsidéréecommelecoldel’anévrisme.Ensuite,
laméthodedessurfacesdeniveauavecelipse([Alessandrinietal.(2011)])etla
méthoded’Otsu([Otsu(1975)])ontétéappliquéespourréaliserlasegmentationdu
coldel’anévrisme(Figure10c)etdesentretoisesduFD(Figure10d).Finalement,à
partirdesrésultatsdesegmentation,lesvaleursdeporositépourchaquecaspeuvent
êtreestiméesparl’Eq.(21).
SimulationnumériqueduPatient2
LeTableau1présenteunesynthèsedupourcentagederéductiondesvariables
hémodynamiquesaprèsledéploiementdesFDsavecporositésdifférentespourle
Patient2;Vsacreprésentelavitessemoyennedanschaquesacd’anévrisme.Quanti-
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(a) (d)(b) (c)
AN
Figure10:L’estimationdelaporosité(prendrepatient2commel’exemple).(a)La
géométriedePatient2,(b)l’extractionducoldel’anévrisme,(c)lasegmentation
ducoldel’anévrismeparlaméthodedessurfacesdeniveauavecelipse,(d)la
segmentationdesentretoisesduFDaveclaméthoded’Otsu.
tativement,unediminutionglobaledesvaleursdechaquevariablehémodynamique
estobservéequandnousdiminuonslaporosité.Letauxderéductionpourchaque
variablehémodynamiquetoutefoisamoindri,particulièrementquandlaporositéest
pluspetiteque70%. D’aprèsnosrésultats,l’efficacitéduFDestassociéeàune
porositéavoisinant64%(casB6)pourlePatient2.
Table1: Moyennedechaquevariablehémodynamique(pendantuncyclecardiaque)
paralèlementàsonpourcentagederéductionpourlePatient2pourdesporosités
différentes.
Cas Porosité Vsac(m/s) Tauxdecisailement(s−1) WSS(Pa)
B0 100 0.166(0.0%) 1.581(0.0%) 2.875(0.0%)
B1 85.5 0.108(34.9%) 1.072(32.2%) 1.681(41.5%)
B2 81.7 0.086(48.2%) 0.859(45.7%) 1.276(55.6%)
B3 77.5 0.063(62.0%) 0.628(60.3%) 0.829(71.2%)
B4 72.9 0.043(74.1%) 0.434(72.5%) 0.478(83.4%)
B5 68.8 0.030(81.9%) 0.299(81.1%) 0.277(90.4%)
B6 63.9 0.021(87.3%) 0.208(86.8%) 0.163(94.3%)
B7 59.7 0.015(91.0%) 0.149(90.6%) 0.098(96.6%)
B8 55.6 0.010(94.0%) 0.109(93.1%) 0.061(97.9%)
B9 51.7 0.007(95.7%) 0.079(95.0%) 0.037(98.7%)
Comparaisondessimulationsnumériquesdequatrepatients
Afindetireruneconclusiongénérale,lessimulationsnumériquesdequatrepa-
tientssontétudiéesdanscettesection.Quatregroupesdesimulationsontétélancées
avecdesporositésàdifférentsniveaux(dansleTableau2,leniveau0représenteles
cassansFDetleniveau3représentelescasaveclesFDsutilisésdanslestraite-
ments).LarépartitiondevitessedechaquecasestilustréedanslaFigure11.Pour
chaquecas,lesFDsontmoduléavecsuccèslefluxdanslesacd’anévrismeetont
YueZHANG
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restauréunfluxphysiologique.PourchaquecasavecFD,l’amplitudedelavitesse
danslesacdel’anévrismeaétésensiblementréduitemaislecomportementdusang
dansl’artèreconnexeestrestéidentiqueaucassansFD.Enoutre,l’amplitudedela
vitesseestrestéeextrêmementfaiblepourtouslespatientsquandlaporositéatteint
leniveau3.
Table2:Porositésàniveauxdifférents(en%).
Niveau0 Niveau1 Niveau2 Niveau3
Patient1 100 85.8 78.0 70.2
Patient2 100 85.5 77.5 68.8
Patient3 100 85.5 77.9 69.5
Patient4 100 85.1 77.5 69.5
LesmédecinsonttraitéslespatientsaveclesFDsquiontuneporositédeniveau3.
Sinousprenonsenconsidérationcefaitetl’hypothèsequ’unevitessefaible(<0.025
m/s)estassociéeaudéclenchementlathrombose[Rayzetal.(2008)],notreétude
desquatrepatientsindiquequ’unevaleurdelaporositéd’environ65%peutêtre
suffisantepourinitierlaformationduthrombus.Enconclusion,lesmédecinspour-
rontprendrecesrésultatsenconsidérationpourréaliseruneévaluationspécifique
dupatientavantl’interventionetaussipourchoisirlesdispositifsendovasculaires
optimaux.
Table3: Moyennedesvitessesdanslesacdel’anévrismeetlepourcentagederé-
ductionassociéeàchaquepatient.
Vsac(m/s)
Patient1 Patient2 Patient3 Patient4
Niveau0 0.078 0.166 0.230 0.098
Niveau1 0.033(35.2%) 0.108(34.9%) 0.107(53.2%) 0.050(48.3%)
Niveau2 0.013(83.8%) 0.063(62.0%) 0.050(78.1%) 0.023(76.6%)
Niveau3 0.005(93.1%) 0.030(81.9%) 0.032(85.9%) 0.011(89.2%)
22
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Patient 1 Patient 2 Patient 3 Patient 4
Figure11:Distributiondesamplitudesdevitessepourchaquepatient.Delarangée
supérieureàlarangéeinférieure,laporositépasseduniveau0auniveau3.
YueZHANG
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I.5EtudehémodynamiquedeFDs
multiplesutilisésdans
l’anévrismesintracrâniens
Fréquemment,quelquesanévrismesintracrâniens,telsquelesanévrismesfusifor-
mesoulesanévrismesàcollarge,nepeuventpasêtretraitésavecunseulFD.
Pourobtenirunemodificationdefluxsuffisante,desstratégiesdifférentesontété
présentéesdanslapratiqueclinique.Parexemple,ilyadesstratégiesquiutilisent
deuxFDs(ouplusdedeux)avecunmontagetélescopique,oud’autresquicon-
sistentàcomprimerleseulFDpourdiminuerlaporositéaucold’anévrisme.Il
estàsignaler[Fischeretal.(2012)]que66%despatientsontététraitésavecdes
FDsmultiples.Danscechapitre,nousnoussommesappuyéssuruneétudehémo-
dynamiquepourcomparercesdeuxstratégies.Ilfautnotericiquecettestrategie
dedeploiementdedeuxstentsrépondégalementauneproblématiqueduprati-
cienquandildoittraterunanévrismefusiforme;enpratiquepourcouvrircetype
d’anévrisme,ilfautdéployerplusieursstentsquidevrontsecomportercommesiun
seulstentidéalétaitutilisé.
DéploiementdedeuxFDsvirtuels
DansleprojetEuropéen,THROMBUS,leschercheursontproposésuneappli-
cationsupplémentaireetstand-alonequiestcapabledeconstruireundeuxièmeFD
(ouplusieurs)afindemodifierlelignecentraled’entretoisesadaptéeàlagéométrie
spécifiqueaupatient.Cetteapplicationestfondéesurlaméthodequiaétéprésentée
danslechapitre3.
Dansunpremiertemps,ilfautdéfinirlespointsdedépartetdefin, d0,dn,en
mêmetempsquel’axegénérateurAquiindiqueoùleslignescentralesdesentretoises
doiventêtredéposées(voirlaFigure12(a)).Pourgénérerunmontagetélescopique
dansunvaisseau(voirlaFigure12(b)
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PourlesecondFD,lasurfacederéférence‘paroiduvaisseaupluspremierFD’est
considérépoureffectuersondéploiement.Spécifiquement,lemodèledeRGC-smest
subdiviséeencinqsectionsoùlescontoursdesurfacepeuvent-êtremodifiés:
Section1[D0,d0−4rs)
Section2[d0−4rs,d0+4rs)
Section3[d0+4rs,dn−4rs)
Section4[dn−4rs,dn+4rs)
Section5[dn+4rs,Dn]
(22)
(a)
(b)
Figure12:(a):Schémadespointsinitiauxetsupplémentairespourlocaliserlarégion
danslaquelelesecondFDseralocalisé.(b):sectionsdumodèledeRGC-smlelong
deA.
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Résultatsetdiscussions
Pourfaireunecomparaisondecesdeuxstratégies,laporositédelarégionde
chevauchementpourcesdeuxFDsmontrésdanslaFigure13(b)esttrèssemblable
commec’estlecasduFDseulmontrédanslaFigure13(a).Commenousenavons
déjàdiscutédansleChapitreI.4,unerésolutiondegriledel’ordredudiamètre
d’entretoiseetunespacementdegrileautourde29 µm,ainsiqu’unevitessesur
réseausansdimensiondeuLB=0.04,ontétéutiliséspourl’étude.Egalement,un
fluideNewtonien,visqueuxetincompressible[Nicholsetal.(2011)]avecladensité
ρ=1060kg/m3leetlaviscositécinématiqueν=3.3×10−6m2/saétéconsidéré
danscetteétude.Plusdedeuxcyclescardiaquesontétéconsidérésetanalysésdans
chaquecas.
(a) (b)
Figure13:(a):unFDseuldéployédanslePatient12;(b):deuxFDsdéployésdans
lePatient12.
L’analysequantitativedelavariationdelavitesseetdu WSSdanslesacde
l’anévrismeestprésentéedanslaFigure14. Nouspouvonsobserverquelesdeux
stratégiesproduisentuneréductiondelavitessedufluxsanguindanslesacde
l’anévrisme(Figure14(a))etqueladifférenceentrecesdeuxstratégiesestfaible
(danscecas,ladifférenceestinférieureà1%),etdoncnégligeable.
LesFigure14(b)et14(c)montrentquepourlepoint1demesure,ilyaune
faiblevariationaumaximumdescourbesde WSS,alorsquelescourbesde WSS
decesdeuxstratégiessontrestéestrèsprochesl’unedel’autrepourlepoint2de
mesure.Cetteanalysequantitativepermetdeconclureque,pouruneréductionde
lavitesseetdu WSSdansl’anévrisme,cesdeuxstratégiesontlamêmeefficacitéet
YueZHANG
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qu’elespeuventêtreconsidéréescommeuntraitementacceptable.
Pourlepraticien,eleindiquequ’iln’yapasdemodificationsemsibledescondi-
tionsdeformationd’unthrombusquandonutiliseplusieursstentsFlow-Diverters.
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Figure14:(a):courbedevitessemoyennedanslesacdel’anévrismedurantuncycle
cardiaque;(b):courbeduWSSaupoint1demesuredurantuncyclecardiaque;(c):
courbedu WSSaupoint2demesuredurantuncyclecardiaque.
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I.6 Modélisationdelathrombose
danslesanévrismesintracrâniens
Le mécanismebiologiquedelaformationduthrombusdansl’anévrismein-
tracrânienestcomplexeetn’estpastotalementcompris.L’étudedeceprocessus
estd’importance,notammentpourappréhenderl’optimisationdutraitementdes
anévrismesintracrâniens.
Letroisièmeobjectifdecettethèseestdemodéliserlaformationduthrom-
bussuivantuneconfigurationencouchesconcentriquesditesen’coupesd’oignon’
correspondantauxobservationsdeformationdethrombuschezcertainspatients,
notammentpourdesanévrismesgéants.Lemodèlebiologiqueélaboréiciprendno-
tammentencomptel’effetdevitessedufluxsanguinsurlaformationdethrombus.
Danscetteapprocheilestànoterquedesemplacementsdifférentsetdesformes
finalesdethrombusvariéesontétéobservésdanslesrésultatsobtenuspourlespa-
tientsconsidérésdansnotreétudeclinique.Ilaétédémontréquel’amplitudeet
l’indexpulsatilitéduprofildevitessepeuventjouerunrôleimportantdansledé-
clenchementdelaformationd’unthrombusetdesaformefinale.Finalement,cette
étudeauneimplicationindéniablenonseulementpourcomprendreleprocessusde
formationduthrombusd’unanévrismeintracrânien,maisaussipourfournirune
stratégied’optimisationdestechniquesdetraitementdesanévrismesintracrâniens
parFD.
Lemodèlenumériquedelaformationduthrombus
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Ledéfiprincipaldanslasimulationdelaformationduthrombusrestedansle
choixdesréactionschimiquesmettantenoeuvredesparticulesdifférentesdusang.
Pouravoiruntempsdecalculraisonnable,nousproposonsdanscettesectionun
modèledelaformationduthrombusnumérique.Lemodèlesimplifieleprocessus
compliquéenprenantnotammentencomptelesparticulesetlesréactionslesplus
pertinentes,quiontétéprésentéescommesuit,
29
Endothelial CelsW SS<T hreshold−−−−−−−−−→probability1 T hrombin, (23)
T hrombin+Antithrombin−−−−−−→probability2 ∅, (24)
T hrombin+F ibrinogen−−−−−−→probability3 F ibrin+T hrombin, (25)
F ibrin−−−−−−→probability4 F ibrin M esh, (26)
F ibrinM esh+P latelet−−−−−−→probability5 T hrombosis, (27)
T hrombosisSpecif ic time T−−−−−−−−−→Endothelial Cels. (28)
L’ilustration des particules, des réactions correspondantes et des noeuds sur le
réseau est présentée dans la Figure15.
Figure 15:Ilustration des particules, et des réactions correspondantes.
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Lecasd’unpatientaétéprispourilustrerlerésultatprincipal(voirlaFigure16),
oùleslignesblanchesreprésententlescontoursdefrontièrepourchaquecouche
duthrombus. Enplus,cemodèleintroduitlecomportementdesplaquettesqui
rendlemodèlenumériqueplusréaliste.Danscemodèle,lafibrineprésentesurdes
noeudsduréseaunepeutcontribueràlaformationduthrombussanslaprésence
deplaquettes.
(a) (b)
Figure16:(a):configurationfinaleduthrombus(engrisclair),vaisseauparentetlumière
(enblanc);(b):lignesdedémarcationencoupesd’oignonduthrombus.
L’effetdelavitessesurlaformationduthrombus
Nousavonsexécutédessimulationsavecquatreprofilsdevitesse,quiontété
présentésdanslaFigure17. Paraileurs,tousparamètresinchangés,defaibles
niveaudevitessesengendrentdesfaiblevitessesdecisailementàlaparoi(WSS)de
l’anévrisme.
NousprésentonsFigure17lesrésultatsdelaformationduthrombuspourchaque
cas.NousobservonsaisémentquedanslaFigure17(d)iln’yaaucuneprésencedu
thrombus. DanslaFigure17(c),noustrouvonsquelquestachesduthrombusqui
sontéloignéesducoldel’anévrisme,maisleprocessusdethrombuss’estarrêtétrès
rapidement.Egalement,nousobservonsFigure17(a)quelethrombuss’estformé
partoutsurlaparoidel’anévrismetandisqu’ilseformedansunerégionspécifique
danslecasdelaFigure17(b).
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(a) (b)
(c) (d)
Figure17:Laformationduthrombuspourchaqueprofildelavitesse.(a):leprofil
initialedelavitesse;(b):demieamplitudeduprofilinitialedelavitesse;(c):double
amplitudeduprofilinitialedelavitesse;(d):tripleamplitudeduprofilinitialede
lavitesse.
Enpremièreconclusion,nousconfirmonsquel’amplitudeduprofildelavitesse
d’admissionestd’influencesignificativesurlemodèledefluxetsurlaformedu
thrombus. Cependantnousdevonsfaireplusd’expériencespourdécouvrirl’effet
spécifiquedesautrescaractéristiquesduprofildevitessesurlaformationduthrom-
bus.
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Chapter1
Introductionandmotivation
1.1 Intracranialaneurysm
Anintracranialaneurysm(IA)isavasculardisordercharacterizedbyadilation
ofthevesselwalduetodiseaseorweakeningofthevesselwal(seeFigure1.1).It
mostcommonlyoccursinarteryattheCircleofWils(CoW)thatsuppliesbloodto
thebrainandsurroundingstructures.PrevalenceofIAinthegeneralpopulationis
estimatedupto6%[Rinkeletal.(1998)].DespitemostIAsremainstablecausing
nosymptoms,theymayruptureundercertaincircumstancesandtherupturecan
leadsubarachnoidhemorrhage(SAH)whichhasbeenreportedwithhighmorbidity
andmortalityrates[Wiebers(2003)].
AnIAmaybesaccularorfusiformclassifiedbyitsshapes.Itisreportedthat90%
ofIAsaresaccularinshape[Weir(2002)],whichpresentthemselvesasadilationof
thevesselwal withavisibleneckandabubble-likesac(seeFigure1.1
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).Basedon
sizes,IAscanbeclassifiedassmal(smalerthan1.5cm),large(1.5-2.5cm),giant
(2.5-5.0cm)orsupergiant(over5.0cm),respectively. TheruptureriskofanIA
maybeassociatedwithitssize,aspectratioandhemodynamicparameters.
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Figure 1.1: An example of IA (black bubble-like object).
1.2 Current treatment techniques
Many factors, such as size and location of the IA as wel as the patients’ con-
ditions, should be taken into consideration when the physicians want to treat IAs.
In some cases, the IAs can not be treated, but the patients need to be monitored
closely by doctors. For the cases which need the surgical procedure, three treatment
options are currently available.
1) Surgical clipping: a craniotomy is performed to access the IA by a surgical
removal of a part of the skul. A clip is then placed at the neck of IA to prevent any
blood going into the IA sac (see Figure1.2). The main concern for this treatment
is that clipping can be incomplete or yield recurrence and hemorrhage.
2) Embolization coiling: instead of craniotomy, a catheter wil be inserted through
a blood vessel from groin and be moved to the IA, where the coil wil be deposited.
The coil should fil the volume of the IA, inducing a blood clot within its sac.
This treatment may cause possible risks including infections, occlusion of the parent
artery and rupture of the IA.
3) Low-porosity stent, known as flow diverter (FD): a FD can be carried out by
a catheter using similar procedure taken in coiling treatment (see Figure1.4) and
be deployed at the neck of the IA. It aims at redirecting the blood flow in the parent
artery, inducing a blood clot within the IA sac. Recently, this technique is reported
as one optimal minimaly invasive treatment for IAs.
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1.2. CURRENTTREATMENTTECHNIQUES
Figure1.2:Surgicalclipping(imageextractedfrom[Brismanetal.(2006)]).
Figure1.3:Embolizationcoiling(imageextractedfrom[Brismanetal.(2006)]).
YueZHANG
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Figure1.4:Flowdiverter(imageacquiredduringtheendovasculartreatment).Left:
2Ddigitalsubtractedangiographyimage;right:thestartandendpointsofFD
deployedintheIA.
1.3 Hemodynamicinvestigation
Inadditiontobiochemicalfactors,hemodynamicsarethoughttoplayakeyrole
inunderstandingofIAgrowth,ruptureandthrombusformation[Steiger(1990),
Cebraletal.(2005)]. Manyhemodynamicparameters,includingvelocityandwal
shearstress(WSS),havebeenperformedinin-vivoandin-vitroexperimentsto
understandthemechanism[Steigeretal.(1989),Tothetal.(1997)].Unfortunately,
in-vivoandin-vitroexperimentsmayhavetheirlimitations:theformeronesmay
putthepatientsindangerandthelatteronesmaybeexpensiveandimpractical.
Foroveradecade,researchersstudyhemodynamicstakingtheadvantageofusing
CFDtools(e.g.latticeBoltzmannmethod),duetotheirefficiencyandacceptable
accuracy.Thestudyin[Citoetal.(2014)]showedthatinvestigationonhemody-
namicsusingCFDtoolscanfindexcelentagreementwiththein-vitroexperiments.
Alsothankstotheadvancesinmedicalimagetechniquesandreconstructiontools,
reasonableinputpatient-specificgeometriesandvelocitydataareprovidedforthe
useofCFDanalyses.Atthismoment,muchattentionhasbeenattractedtoanalyze
thevariationofhemodynamicsafterendovasculartreatmentwithFD[Augsburger
etal.(2011),Peachetal.(2014)]andtopredicttheformationofthrombus[Rayz
etal.(2008),Ouaredetal.(2008)].Thisthesisaimsatmakingadeepunderstanding
ofIAthroughhemodynamicanalysesusinglatticeBoltzmannmethod.
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1.4. OVERVIEWAND MOTIVATION
1.4 Overviewand motivation
DespitethegreatsuccessthathasbeenmadeintreatingIAswithFDdevices,
thepermanentmorbidityandmortalityassociatedwiththeFDarenotnegligible
andgouprespectivelyto10%and5%,asof6months[Arreseetal.(2013),Lubicz
etal.(2010)].ThefunctionorefficiencyofFDstilstaysunclearandtheclinical
doctorshavegreatdesiretoachieveabetterunderstandingofit.Firstobjectiveof
thisthesisistoconcentrateonthecorrelationbetweentheporosityconfigurationand
theFDefficiencythroughthehemodynamicinvestigation.Thisworkwouldprovide
anopportunityfortheclinicaldoctorstoinvestigatetheFDefficiencybeforethe
clinicalinterventionanddeterminewhichcouldbetheoptimalporosityconfiguration
forthepatients.
Frequently,somepatientswithfusiformorwide-necksaccularintracranialaneury-
sms,cannotbetreatedwithsingleFD.Toachievesufficientflowmodification,
overlappingmultipleFDdeviceswasthoughttobeagoodstrategytodecreasethe
porosityacrosstheIAneck.Itwasreportedin[Fischeretal.(2012)]that66%
patientsweretreatedwithmultipledevices.Thesecondpartofthisthesisworked
onthehemodynamicinvestigationofmultipleFDdevices.
ThebiologicalmechanismofthrombusformationofIAisextremelycompli-
catedandnotfulyunderstood.Studyofthisprocesshassignificantbiomedical
values,especialyfortheoptimizationofthetreatmentforIAs. Thethirdobjec-
tiveofthisthesiswastodescribetheonion-skinbehaviorofthrombusformation
process[Ouaredetal.(2008)]andinvestigatetheeffectofbloodflowvelocityon
thrombusformation.Thisstudymayhaveimplicationsnotonlyforunderstanding
thethrombusformationprocess,butalsoforprovidingmoredetailsforoptimizing
thetreatmenttechniquesforIAs.
YueZHANG
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Chapter2
FundamentalsofthelatticeBoltzmann
method
Inthischapter,wewouldbrieflyintroducethefundamentalsoflatticeBoltzmann
method(LBM),includingtheBoltzmannequation,BGKapproximationandthe
derivationoflatticeBoltzmannequationfromBoltzmannequation.Formoredetails
aboutLBM,onecouldrefertothereferencessuchas Wolf-Gladrow[Wolf-Gladrow
(2000)]andSucci[Succi(2001)a].
2.1 Computationalfluiddynamics
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Computationalfluiddynamics(CFD)areabranchoffluiddynamicsproviding
aqualitativeandquantitative(insomecases)predictionofrealfluidsbythenu-
mericalsolutionsofgoverningequations.Thegoverningequationsconsistofaset
ofpartialdifferentialequations(PDEs),namelyNavier-Stokesequationswhichaim
atdescribingtheevolutionofmacroscopicvariablesofflow.Itisaremarkablefact
thatthesegoverningequationsareextremelycomplicatedandformostpracticalap-
plications,theanalyticalsolutionscannotbeobtained. Withthehelpofcomputers,
CFDtechniquesprovideawaytofindapproximatesolutionsofthePDEsthrough
41
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explicitdiscretization.TheconservationformoftheNavier-Stokesequationsare,
∂ρ
∂t+div(ρu)=0, (2.1)
∂ρu
∂t+div(ρu×u+pI−τ)=ρg, (2.2)
∂ρ
∂t+div(ρE+p)u−κdivT−(u·τ)
T =ρ(q+g·u). (2.3)
2.2 The Boltzmannequationandthe BGKap-
proximation
Evensmalvolumeoffluidcontainsnumerousparticleswhichessentialycannot
betrackedindividualy.Butfortunatelyinthephysicalworld,we’remoreinterested
intheobservables(suchaspressureandtemperature)originatefromastatistical
averageofalargenumberofindividualparticles. Thisfacthasbeentakeninto
accountbytheBoltzmannequation,whichisapromisingtooltoinvestigatethe
behavioroffluids.Itconsiderstheprobabilitythatanumberofparticlesaloccupy
aconsiderablysmalregionofspacecenteredatthepositionxandhaveavelocity
aroundξattimet.Theprobabilitydistributionfunction(ordistributionfunction
forshort)canreadasf(x,ξ,t)anditobeysanintegro-differentialequation,namely
Boltzmannequation,
∂f
∂t+ξ·∇xf+
g
m·∇ξf=Ω(f,f), (2.4)
wheregistheexternalforceactingontheparticlesinthefluids,m=constthe
particlemassandΩ(f,f)thecolisionintegralwhichismeanttodescribetheeffect
ofthecolisionsbetweenparticles.
ThemajorproblemtoworkwiththeBoltzmannequationisthecomplexnature
ofthecolisionintegralΩ(f,f).Tosolvethisproblem,manysimplifiedmodelshave
beenproposed,includingthemostwidelyknownoneproposedbyBhatnagar,Gross
andKrook,namelytheBGKapproximation[Bhatnagaretal.(1954)].Itcanbe
givenby,
∂f
∂t+ξ·∇xf+
g
m·∇ξf=−
1
τ(f−f
eq), (2.5)
wherethecoefficientτistherelaxationtimeandthefeqrepresentstheMaxwel-
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2.3. FROMBOLTZMANNEQUATIONTOLATTICEBOLTZMANNEQUATION
Boltzmannequilibriumdistributionfunction,whichcanbewrittenas,
feq= ρ(2πkBT)D/2
exp−(ξ−u)
2
2kBT , (2.6)
whereρrepresentsthedensityofthefluid,kBtheBoltzmannconstant,Tthetem-
perature,Dthephysicaldimensionanduthemeanvelocity.
2.3 From BoltzmannequationtoLattice Boltz-
mannequation
Historicaly,LBMoriginatedfromlatticegascelularautomata1(LGCA)with
thedesireofgettingridofthestatisticalnoiseofLGCA[McNamaraandZanetti
(1988)]. UnlikethetraditionalCFDmethodswhichwouldsolvetheconservation
equations,LBMfilsthephysicalspacewitharegularlatticeandmodelsthefluid
consistingoffictiveparticleswhichperformpropagationandcolisionprocessesover
thelattice.Ontheotherhand,LBMcanalsobeconsideredasaspecificdiscretized
formoftheBoltzmannequation[Junk(2001)].Inthissection,weconcentrateon
thetransitionfromBoltzmannequationtolatticeBoltzmannequation.Firstly,the
discretizationofvelocityanditsassociateddistributionfunctionscanbegivenby2
ξ→ξi, (2.7)
(x,t)→fi(xi,t). (2.8)
ThenbyassumingnoexternalforceandreplacingthecolisionintegralwithBGK
approximation,thediscreteBoltzmannequationcanberewrittenas
∂fi
∂t+ξi·∇fi=−
1
τ(fi−f
eq
i), (2.9)
wherefeqi representsthediscreteformofequilibriumdistributionfunctionandwe
wouldprovideitsexpressionattheendofthissection.
BeforethefinalexpressionoflatticeBoltzmannequation,thenon-dimensional
1ItwasfirstproposedbyHardy,dePazzisandPomeauin1973andthemodel,HPP,isnamed
aftertheinitialsofthem[Hardyetal.(1973)]. AnotherfamousmodelofLGCAisFHP,which
wasproposedbyFrisch,HasslacherandPomeauandthenameisaftertheirinitials[Pomeauand
Frisch(1986)].
2Notethatthediscretevelocitiesmustbechosentobespatialisotropic[Succi(2001)a].
YueZHANG
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formofEq.(2.9)shouldbeintroducedwiththecharacteristicscalesshownasfolows,
Characteristiclengthscale:L,
Referencevelocity:U0,
Referencedensity:ρr,
Meanfreepath:λ.
(2.10)
Accordingtothesescales,onecaneasilyobtainthenon-dimensionalvariables,
Distributionfunction:fˆi=fi/ρr,
Particlevelocity:ei=ξi/U0,
Soundspeedofthelattice:ˆcs=cs/U0,
Macroscopicvelocity:uˆi=ui/U0,
Time:tˆ=t·U0/L,
Colisiontime:tc=λ/U0,
Relaxationtime:τˆ=τ/tc=τ·U0/λ.
(2.11)
Withthesevariables,thenon-dimensionalformofBoltzmannequationreads
∂ˆfi
∂ˆt+ei·∇fˆi=−
1
τˆ fˆi−fˆ
eq
i . (2.12)
Andalsoifwedefine∆ˆt=∆t·U/Landmakethelatticespacing∆ˆx=ei·∆ˆt,the
timeandspacediscretizationofEq.(2.12)canbegivenby
fˆi xˆ,ˆt+∆ˆt−fˆi xˆ,ˆt
∆ˆt +
fˆi xˆ+ei·∆t,ˆt+∆ˆt−fˆi xˆ,ˆt+∆ˆt
∆ˆt
=fˆi xˆ+ei·∆t,ˆt+∆ˆt−fˆi xˆ,ˆt∆ˆt
=−1τˆ fˆi−fˆ
eq .
(2.13)
Ifwechoose∆ˆt=U0/λ,wecanobtain
−1τˆ·∆ˆt=−
1
τˆ·U0/λ=−
1
τ. (2.14)
That’stosay,byomittingal (ˆwhichisdonebymostofpapers)andmultiplying
Eq.(2.13)by∆ˆt,onecanobtainthefinalformoflatticeBoltzmannequationas
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folows,
fi(x+ei·∆t,t+∆t)−fi(x,t)=−1τ(fi−f
eq
i), (2.15)
wherefeqi isusualyobtainedbyretainingthetermsofTaylorseriesoftheMaxwelian
equilibriumdistributionfunctionshowninEq.(2.6).Itcanreadas
feqi =ρωi 1+ei·ucs2 +
(ei·u)2
2cs4 −
u·u
2cs2 , (2.16)
whereωiistheweightcoefficientandcsisthesoundspeedofthelattice;ρandu
respectivelyrepresentthemacroscopicdensityandvelocityofthefluid,whichcan
beobtainedbythefolowingequations:
ρ=
i
fi=
i
feqi,
ρu=
i
eifi=
i
eifeqi.
(2.17)
YueZHANG
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Chapter3
Anewmodelfortheconstructionof
virtualfulyresolvedflow-diverters
3.1 Introduction
Recently,theflow-diverters(FDs)havebeenwidelyadoptedasonealternative
treatmenttotheintracranialIAs,duetotheirconsiderableefficiencyaswelasthe
low-morbidityandlow-mortalityrates.Regardlessthetypeorbrand,alFDsshare
acommondesignofconstructingahigh-coveragemeshwithinterlacedstruts(coils),
whichcanbeusedtocovertheneckoftheIA.FDswilreducethebloodflowwithin
theIA,inordertotriggerthethrombusformationandeventualypreventtherup-
ture. Multipleclinicalstudies,alongwiththepromisingresultsinmedicalpractice,
havedemonstratedtheadvantagesofthisendovasculartechnique.Basicaly,these
researchandclinicalstudieshavebeenfocusingontwomainlyusedFDsinthemed-
icalcenters:PipelineEmbolizationDevice(Pipeline®,ev3-COVIDIEN,Irvine,CA,
USA)andSilk(BaltInternational,Montmorency,France). Moreover,Gross[Gross
andFrerichs(2013)]summarizedthemostcommonFDsdevicesinthemarketand
presentedacomparativesummaryofthreeofthem(seeTable3.1
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Previousstudieshaveshownthatabetteranddeeperunderstandingofthistech-
niqueusingpatient-specificgeometriesissignificantlyrequired. However,making
comparablestudiesonin-vitroand/orin-vivoexperimentsisconsiderablydifficult
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FLOW-DIVERTERS
Brands Materials φV(mm)
Length
(mm) φS(µm) Coverage
Number
ofStruts
Pipeline®
75%
Co-Cr-Ni/
25%Pt-W
2.50-5.00 10-35 25 30%-35% 48
Silk+ Nitinol/Pt 1.50-5.75 15-40 35 35%-55% 48
Surpass Co-Cr/Pt-W 2.50-5.30 12-50 25/32 30% 48-96
Table3.1:CommercialFDsreview.FirstcolumnshowstheFDs’commercialbrands
andsecondcolumnsummarizesthematerialsusedinFDsconstructionintermsof
braidedwires/markerwires.Third,fourthandfifthcolumnsshowtheparentvessel
diameter,FDlengthandstrutdiameter,respectively.Thelasttwocolumnsshow
theFDs’coveragepercentageandthenumberofstruts.
atthismoment.It’sduetothefactthatatthesametime,onecanhardlymod-
ifytheFDproperties(e.g. metalcoverage,length,deploymentposition)andkeep
theconditions(e.g.vesselgeometry,inletvelocityprofile)unchanged[Arreseetal.
(2013)].Fortunately,wecansolvethisproblemusingnumericalmethodsandvir-
tualtechniqueswhichalowtheresearcherstosetcustomizedFDconfigurationswith
patient-specificconditions.Thischapterwiladdressthecreationoffuly-resolved
virtualFDs,whichisconsideredasarequiredpriorstepfornumericalsimulations.
ThevirtualmodelwasproposedbyFlórez-Valenciaetal.and[Flórez-Valenciaetal.
(2012)]isrecommendedformoredetails.
3.2 Theoutlineofmodelingapatient-specificflow-
diverter
ThevirtualmethodfromFlórez-Valenciaetal.wasdesignedtocreateavirtual
geometricFDandtodeployitinthepatient-specificgeometries. Thismethodis
basedonacombinationofmathematicalmodels. Thefolowingsixstepscanbe
usedastheoutline,
•acquirethe3DrotationalangiographyoftheIAbeforetheFDdeployment;
•extractthecenterlineoftheparentvessel;
•segmenttheIAandtheassociateparentvesselindependently;
•placetwoseedsalongthecenterlinetodefinethestartandendpositionofthe
FD;
•weavethebraidedstrutsalongthecylinderwhichiscomputedtodescribethe
globalgeometryoftheFD;
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3.3. RIGHT GENERALIZED CYLINDER STATE MODEL
•reconstruct the patient geometry together with the FD.
An simple example is shown in Figure3.1and one should note that the parts in green
and red represent the parent vessel and the associated IA, respectively. Meanwhile,
the center-line of the parent vessel as wel as two interactive seeds (cyan and magenta
spheres) have been placed. This application alows users to control the length of the
FDs by moving these two seeds along the centerline.
Figure 3.1: The snapshot of the FDs deployment with the homemade application
fromFl´orez-Valencia et al. The patient used here is extracted from THROMBUS
database.
3.3 Right generalized cylinder state model
Firstly, the right generalized cylinder state model (RGC-sm) [Azencot and Orkisz
(2003)] is provided in this section. This model focuses on the objective of generating
a curve,A, and uses a continuous set of contours to describe the surfaceSofA
(see Figure3.2). One should note that bothΓ(t)andh(t)(shown in Figure3.2(a))
belong toAand the first contour pointc(0,ω)(for alω) is not necessary to lay
Yue ZHANG
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overtheγ1(t)vector.Themainformulareads,
c(t,ω)=Γ(t)f(t,ω)+h(t), (3.1)
wheret∈[0,L]isthelengthparameter(Lthetotallength)ofA,ω∈[0,2π]the
azimuthalparameterforeachcontour,c(t,ω)theparametriccylindricalfunction
computingpointsoverS. Meanwhile,Γ(t)andh(t)representAbymeansofor-
thonormalframesattachedtothepointsalongit,respectivelyandf(t,ω)describes
thesetofcontoursofA(showninFigure3.2(b)
γ1(0)
γ2(0)
γ0(∆)
γ2(∆)
γ1(∆)
γ1(t)
γ2(t)
h(∆)h(t)
h(0)
γ0(0)
γ0(t)
).
γ1(t)
γ2(t)
c(t,ω) ω
c(t,0)
(a)
(b)
Figure3.2:TheRightGeneralizedCylinderstatemodel(RGC-sm).Figure3.2(a)
showstheplanegenerationateachcontour(solidlines).Eachplaneisdefinedbya
frameΓ(t)=[γ0(t),γ1(t),γ2(t)]andapointh(t).Figure3.2(b)showsacontour
c(t,ω)whichislocalydefinedbytheorthonormaltuple γ1(t),γ2(t)(γ0(t)isthe
plane’snormal).
Thismodelassumesonecompletecylindercanbesubdividedintoasetofsmaler
cylinderpieceswhicharedescribedbyconstantparameters.Foreachcurvepiece
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Ai,wecanhavethefolowingequations,
Γi(ti)=Γi−1(ti−1+∆i−1)exp((t−ti)[ψi]× (3.2)
hi(ti)=hi−1(ti−1+∆i−1)+Γi(ti)
t
ti
exp((u−ti)[ψi]× xˆdu (3.3)
where[ψi]×isthecrossproductskew-symmetricmatrixofψi=[τi,κisin(νi),κicos(νi)]
(thecurve’sparametervector),∆ithelength,κitheconstantcurvature,τithecon-
stanttorsionandνitheconstantazimuthalrotationangle.
3.3.1 Cylinderparametersfor modelingaflow-diverter
In2006,Fl´orez-Valencia[Flórez-Valenciaetal. (2006)]proposedaRGC-sm
pieceinversionalgorithmthatrequiresinputsastwopoints(h0andh1),twoframes
(Γ0andΓ1)andtwocontoursdescribedbyitsFouriercoefficients(Z0andZ1).
Theseinputs1areusedtocomputeaRGC-smpiecethatpassesthroughthem(see
Figure3.3). Firstly,basedonEq.(3.2)and(3.3)andifwefocusononesingle
constantpiece,wecanhavethefolowingrelations,
exp∆[ψ]× =Γ0Γ1,
∆
0
expu[ψ]× xˆdu=Γ0(h1−h0).
(3.4)
Thenthesecondstepistofindappropriateequationstoinferhelicalparametersfrom
Eq.(3.4),whichinturngiveaccesstotheRGC-smparameters(seemoredetails
withLancret’stheorem).
Thecompletepseudo-codeisshowninAlgorithm1.Theimportantcharacteristic
ofthisalgorithmisthetransformationΦ → (ξ,Θ).In[Flórez-Valenciaetal.
(2006)],theauthorsusearotationalquaternionq=cosΘ2 +isinΘ2 ξ,whichnot
onlygivesdirectaccesstoΘandξ,butalsoavoidsanumericalstabilityproblem
knownasthegimbal−lock(seemoredetailsin[Flórez-Valenciaetal.(2006)]).
3.3.2 FDshapefromRGC-sm
Withthebriefexplanationpresentedinprevioussections,onecanuseRGC-smto
constructacompleteFDalongthecenterlineextractedfromthevesselsegmentation
withtherequiredinputs,whicharesummarizedasfolows,
•thevesselsegmentation,Iv(p);
1Notethatthesedatadescribetwocontourslocalizedandorientedin3Dspace.
YueZHANG
Cete thèse est accessible à l'adresse : htp:/theses.insa-lyon.fr/publication/2015ISAL0081/these.pdf 
© [Y. Zhang], [2015], INSA Lyon, tous droits réservés
51
CHAPTER3. ANEW MODELFORTHECONSTRUCTIONOFVIRTUALFULLYRESOLVED
FLOW-DIVERTERS
h0
h1
γ01
γ00
γ02
γ10
γ11
γ12
h0
h1
γ01
γ00
γ02
γ10
γ11
γ12
ψ=[τ,κsin(ν),κcos(ν)],∆,Λ
(a) (b)
Figure3.3:Inversionschematics. Theinputparameters,Γ0=[γ00,γ01,γ02],Γ1=
[γ10,γ11,γ12],h0andh1,areshowninFigure3.3(a).AftertheparametercalculationofRGC-sm,theoutputsareshowninFigure3.3(b)andcurveAisdrawnasadotted
line.
•thecenterline,H= hi;
•twointeractivelychosenindexesisandiewherehis ∈H∧hie ∈H,(see
Figure3.1);
•aminimumsteplengthalongthecenterlinems.
WeshouldnotethatH= hiisadiscretesequenceof3Dpointslocatingalongthe
vessellocusandthetwointeractiveindexesshouldbechosenatwheretheFDwil
bedeployed.
ThemainideahereistoiteratealongH,frompointistowarspointie,extracting
planarcontoursfromthesegmentedimageandinvertingRGC-smpiecesbetween
adjacentplanes. Takingtheconnectionconditionspresentedinsection3.3into
account,eachpieceismadetoadheretoitsneighbors,inordertocreateaS(t,ω)
torepresenttheFDusingRGC-sm. Oneshouldnotethatcontourextractionis
performedusingtheorthonormalframeΓiandtheaxispointhi,whichidentifya
planeinspacetogether.First,theinputvesselsegmentationisslicedalongthisplane
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Algorithm1RGC-smpieceinversion
1:procedureRGC-smInversion(h0,Γ0,Z0,h1,Γ1,Z1)
2: q←QUATERNION Γ0Γ1 q=cosΘ2 +isinΘ2 ξ
3: Θ←2arccos(R(q))
4: ξ← I(q)|I(q)|
5: µ← sin(Θ)(1−ξ20)+Θξ20xΓ1(h1−h0)
6: returnµξ,Θµ,µZ1−Z0Θ
7:endprocedure
togenerateatwolabeled2Dimageandthen,the“MarchingSquares”algorithm2is
usedtocomputea2Dpointsequence3,Fi= fi,j.
3.4 Meshcreation
Withthepreviousprocess,wehavealreadyobtainedthevesselsegmentation
imageIv(p),theIAsegmentationimageIa(p)andthecylindricalrepresentation
ofFDS(t,ω).Inthissection,wewilintroducehowtogeneratetherealFD
struts,withthehelpoftheparameterswhichcanidentifythemanufacturer-specific
structureofaFD.Theseparameterscanbesummarizedasfolows,
•thenumberofstruts/coilsns≥1;
•thestrut’sdiameterrs>0;
•theFDnominallengthLs>0;
•thenumberofloopspercoilnl≥1;
•theFD’sminandmaxradi,rmin>0andrmax>0.
SuchgeometriesarerepresentedbymeshesM = P,T,whicharetheassociation
ofapointsetP={pi:0≤i≤N}withatriangleset:
T={aj,bj,cj :aj=bj=cj∧0≤aj,bj,cj≤N}.LetuscalPthemeshgeometry
andTthemeshtopology. OnecannameM vthevesselmeshandM FDtheFD
mesh.
Anotherimportantpointshouldberemarkedisthat,intherealworld,the
processofFDdeploymentis“interactive”.That’stosay,ononehand,theparent
2It’s a two-dimensional version of the Marching Cubes algorithm developed by
Lorensen[LorensenandCline(1987)]
3NotethatsinceeachRGC-smcontourisdescribedbyFouriercoefficients,thecontourcoeff-
cientsZiisFi’sFouriertransform.
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vessel is taken as the basis of FD deployment, which could control the physical form
of the FD in the first place; on the other hand, during the process, the FD wil
modify the vessel shape (somewhat) due to the resistance of the struts. This fact
has been taken into account in the present model and it separates the last step into
two parts, the modification of the vessel and the weaving of the struts.
3.4.1 Modification of the vessel
Figure 3.4: Complete mesh vessel model: modified vessel (due to FD deployment)
joined with the IA.
The vessel geometry is modified by the presence of a FD. We can compute a
meshMvthat integrates the modified vessel and the union between it and its IA
using the available inputs. One modified vessel geometry is shown as an example in
Figure3.4and the procedure can be summarized as folows,
1. resample the segmentation imagesIv(p)andIa(p)to make them to have
isotropical voxel sizes4;
2. extractMvvandMavfrom the vessel and the IA segmentation, respectively,
using the “Marching Cubes” method Lorensen [Lorensen and Cline (1987)];
4(For example, we can make each voxel to be a perfect cube.)
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3.4. MESH CREATION
3. apply the Delaunay conforming algorithm Dyer [Dyeret al.(2007)] on both
MvvandMav;
4. smooth both meshes using a simple neigborhood average;
5. join them in a single mesh using the boolean union operator,Mv=Mvv Mav.
3.4.2 Weaving of struts
The FD modelS(t, ω)is used to “weave” over it with the struts. The main idea
of this method is to map onto the RGC-sm topology (defined in thet, ωplane)
thensstrut and then compute the geometry of each strut taking the strut radiusrs
in consideration .
The topology-mapping step scatters the struts according to the pattern chosen
by the users5. Firstly, a rectangle in the RGC-sm topological space (i.e. the space
of its parameterstandω) is created to represent the strut topology and to alow
a bijective mapping with the user-localized RGC-sm. Then, the struts’ centerlines
are drawn onto the rectangle labeled asevenorodd, in order to differentiate struts
with opposite directions (see Figure3.5).
Figure 3.5: Volume-less struts topology. Dotted lines and solid lines represent
even/clockwise and odd/counterclockwise, respectively.
Moreover, each strut holds the necessary information for the later volume-interlacing
generation step. The topology generation algorithm is described in Algorithm2. At
this point, struts cross along the topologicalωaxis and only topological information
is available. To generate the struts’ tridimensional representation and avoid cross-
ings, topological coordinates are transformed into its 3D points using the FD model
S(t, ω)and moved inwards and outwards along the FD surface’s normal direction.
5One can choose the specific pattern from the predefined manufacturer patterns
Yue ZHANG
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Algorithm 2Strut generation and labeling
1:procedureCreate_Topology(ns,nl,rs)
2: letVbe an empty strut container
3: θmax ← πnl Compute plane length
4: p← nlθmax Compute phase shift5: dir←0 Label strut direction: 0 (even), 1 (odd)
6: fors←0tonsdo
7: V←V rs, p,2πsns,θmax, dir8: dir←¬dir
9: end for
10: returnV
11:end procedure
The inwards and outwards translations are defined as,
S∗(t, ω)=S(t, ω)+d(α, β)∇S(t, ω)|∇S(t, ω)|−1, (3.5)
d(α, β) = cos (α) 1+β21+β2cos2(α), (3.6)
where∇S(t, ω)is the surface’s gradient,α∈[θ0,θmax], andβthe adjustable coeffi-
cients that define a shape of peaks and valeys as shown in Figure3.6.
Figure 3.6: Strut normal transform function
Note thatS∗(t, ω)defines points along each strut’s centerline. Now, the strut
surface (tube) is computed by wrapping circles around this centerline and computing
triangle strips. This result is a deformed, interlaced, patient adapted FD mesh and
one example is shown in Figure3.7.
Also note that one can easily change the configurations of the FDs such as the
length, the porosity and the weaving pattern. In Figure3.8, we can observe more
details about the FD, especialy for the pattern that can be named as “two up-two
down” in this figure. This pattern is commonly used in Pipeline embolization devices
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Figure 3.7: Final strut meshes embeded with the modified vessel mesh.
but one can generate FDs with different patterns depending on different research
purposes.
Figure 3.8: A snapshot on the structure of the struts.
3.5 Summary
In this chapter, we present a novel parametric model proposed byFl´orez-Valencia
et al., which is used for the high-quality creation of virtual fuly-resolved FDs. This
model is based on RGC-sm and takes the physical mechanical properties in consid-
eration, which makes it alow users to deploy FD devices interactively in patient-
specific geometries. Depending on different research use, one can easily create FDs
with different configurations using this model (i.e. various porosity values). This
model provides a great opportunity for us to make a deeper understanding of the
blood flow with the presence of the FDs. In the folowing chapters, both the ves-
Yue ZHANG
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selgeometriesandthevirtualFDsareexportedforlaterusageinournumerical
simulationsusingLBM.
58
Cete thèse est accessible à l'adresse : htp:/theses.insa-lyon.fr/publication/2015ISAL0081/these.pdf 
© [Y. Zhang], [2015], INSA Lyon, tous droits réservés
YueZHANG
III Contribution
Cete thèse est accessible à l'adresse : htp:/theses.insa-lyon.fr/publication/2015ISAL0081/these.pdf 
© [Y. Zhang], [2015], INSA Lyon, tous droits réservés
59
Cete thèse est accessible à l'adresse : htp:/theses.insa-lyon.fr/publication/2015ISAL0081/these.pdf 
© [Y. Zhang], [2015], INSA Lyon, tous droits réservés
Chapter4
Investigationofporosityeffectonflow
diverterefficiencyinintracranial
aneurysms
4.1 Introduction
Anintracranialaneurysm(IA)isavasculardisordercharacterizedbyadistension
ofthevesselwalthatmayruptureundercertaincircumstances.Therupturecan
leadsubarachnoidhemorrhage(SAH)whichhasbeenreportedwithhighmorbidity
andmortalityrates[Wiebers(2003)].TheprincipleaimofmedicaltreatmentofIA
istoreducebloodflowwithintheIAsacandredirectitintheparentartery.The
endovasculartechniqueusingaflowdiverter(FD)isreportedasoneofthecurrent
optimalminimalyinvasivetreatmentsforIAs[Kalmesetal.(2007)]. Multiple
clinicalstudies[Bergeetal.(2012),Murthyetal.(2014)
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]havebeenperformedin
ordertodemonstratethatFDsareabletoslowdowntheaneurysmalflow,producing
aninflammatoryresponsefolowedbythrombosis,whichcan,eventualy,stabilize
theaneurysmandleadtoanimprovementonthepatients’health.
Inadditiontobiochemicalfactors,hemodynamicsarethoughttoplayakeyrole
inunderstandingofaneurysmgrowth,thrombusformationandpossiblerupture.
Manyhemodynamicvariables,includingvelocityandwalshearstress(WSS),are
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studiedtounderstandsuchmechanism[Steiger(1989)].Foroveradecade,thehemo-
dynamicfieldhasbeenstudiedusingcomputationalfluiddynamics(CFD)[Sforza
etal.(2009)]andmanystudieshavedemonstratedtheabilityofCFDtoprovide
adetailedanalysisontheflowinpatient-specificcases.Recently,italsohasbeen
showedthatinvestigationonhemodynamicsafterFDinterventionusingCFDcan
beingoodagreementwiththein-vitroexperiments[Citoetal.(2014)].
DespitethegreatsuccessthathasbeenmadeintreatingIAswithFDdevices,the
permanentmorbidityandmortalityassociatedwiththeFDsarenotnegligibleand
gouprespectivelyto10%and5%[Arreseetal.(2013),Lubiczetal.(2010)].The
functionorefficiencyofaFDstilstaysunclearandtheclinicaldoctorshaveagreat
desiretoachieveabetterunderstandingofit.Inparticular,criticalparameterssuch
asporosityconfiguration,wouldbesubstantialyhelpfulforthemtoinvestigate
theFDefficiencybeforeclinicalinterventionanddeterminewhichcouldbegood
configurationforthepatientstotriggerthethrombusformation.
However,themaindifficultiesexistinginanalyzingtheFDefficiencywithin-
vitroandin-vivoexperimentsisthatononehand,researcherscanhardlymodify
oneparameterbutkeepotherconditions(e.g.vesselgeometryandinletvelocity)
unchanged[Arreseetal.(2013)];andontheotherhand,thecostwilbeconsiderably
hightoimplementexperimentsusingFDswithdifferentconfigurations. Tosolve
thisissue,severalstudiestooktheadvantageofnumericalsimulations[Mengetal.
(2006),LiouandLi(2008),Augsburgeretal.(2009),Ma etal.(2014)]. Previous
studiessuggestthatFDefficiencyinreducingflowwithintheIAsachighlydepends
onitsporosity,theyalsodeclarethatmorerefinedconclusionsshouldbedrawnwith
thepatient-specificgeometriesandthefuly-resolvedFDmodel[Kimetal.(2010)].
InordertorestoretherealityinthemedicalsurgeryofFDdeployment,the
THROMBUSproject(http://www.thrombus-vph.eu)recentlydevelopedanewtech-
niquetogeneratebraidedfuly-resolvedFDsinteractively. Thistechniquefirstly
alowsuserstorebuildvirtualFDsbasedonitscommercialcharacteristics(e.g.the
numberofthestrutsandtheirweavingpattern)andittakestheprocessofsurgery
(optimizevirtualdeploymentdependingonthefinallengthandconfigurationsof
theFDsusedinthesurgeries)intoconsideration.Then,inthisinvestigation(which
concernstheporosityconfiguration),themainchalengescenteronthediversityof
spatialscales(i.e.thediameterofarteryishundredstimesasthestruts’)andthe
time-consumingproblem.Thereforewerunthebloodsimulationswiththehelpof
thelatticeBoltzmannmethod[Succi(2001)b]sinceitoffersgoodefficiency,simple
boundaryconditionsandreasonableaccuracy,whichmakesitapowerfultooltodeal
withthesechalenges.
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Afterthepreliminary,thefirstgoalofthisstudyistoproposeanadaptive
frameworktoestimatetheporosityofaFDdeployedinpatient-specificgeometries.
ThesecondgoalistoinvestigatetheeffectoftheporosityontheFDefficiency
basedonpatient-specificgeometriesandfuly-resolvedFDs.Ourinvestigationcan
bedividedintotwoitems:thefirstoneconcentratesonapatient-specificgeometry
withalargerangeofporosityconfigurationsandthesecondoneinvestigatesfour
patientswhichaimsatfindingtheoptimizedporosityconfigurations.
4.2 Materialsand methods
4.2.1 Patients’dataandflowdiverterdeployment
FoursidewalIAs(showninsecondrowofFigure4.1)withdifferentsizeswere
studiedinthisarticle.TheeffectofthepositionofIA[Shapiroetal.(2014)]hasbeen
takenintoconsiderationanditcanbeobservedthatPatient1locatesatastraight
parentartery,Patient3locatesatinnercurveofitsparentarteryandPatient2
andPatient4locateatmoreoutercurve.Thesefourpatientswereextractedfrom
theThrombusprojectdatabase.AlpatientsweresuccessfulytreatedwithPipeline
EmbolizationDevices(Pipeline®)attheradiologydepartmentoftheUniversity
HospitalCenterin Montpelier,France. Foreachpatient,theupstreamvelocity
profile(showninbottomrowofFigure4.1)wasacquiredbyclinicaldoctorsusing
standard2Dphase-contrastmagneticresonanceimagesandahome-madesoftware
applicationconcerningthesegmentationofmedicalimagesandtheestimationof
thevelocities.Thevirtualbraidedfuly-resolvedFDswereinteractivelyconstructed
inthevesselgeometriesofalthepatientsbyourhome-madeapplicationbased
onRGC-smmodel[Flórez-Valenciaetal.(2012)],whichsimplifiedtheconstruct
iconofFDswithdifferentporosityconfigurationsfortheusers.Thestartandend
pointsforeachvirtualFD(seethemiddlerowofFigure4.1)weredeterminedwith
thehelpof2Ddigitalsubtractedangiographyimages(lateral,frontalandworking
views)acquiredduringtheendovasculartreatmentasexposedinthetoprowof
Figure4.1. Moreover,thistechniqueproducescolision-lessstruts,andalsoalows
”weaving”thestrutswithdifferentpatterns. AlsoinordertorecovertherealFD
devicesimplementedinthesurgery,apatternof"twoup-onedown"ofthestruts
wasusedinthepresentstudy.
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Figure4.1: Thetoprow:2Ddigitalsubtractedangiographyimageswhichwere
acquiredduringthetreatment;themiddlerow:thestartandendpointsforeach
virtualFDwhichweredeterminedwiththehelpof2Ddigitalsubtractedangiography
imagesacquiredduringtheendovasculartreatmentandapatternoftwoup-one
downofthestrutswasusedforvirtualdeployment;thebottomrow:patient-specific
velocityprofileswhichwereacquiredbyclinicaldoctors.
4.2.2 Porosityestimationusingimagesegmentation meth-
ods
PorosityestimationondeployedFDdevicesremainsanopenquestion,although
somedifferentstudieshavebeenreportedin[Augsburgeretal.(2009),Larrabide
etal.(2014)].Inthepresentstudy,weproposeanefficientframework(shownin
Figure4.2)basedonimagesegmentationmethodstoestimatetheeffectiveporosity,
whichisdefinedastheratioofthefreeneckareadividedbythetotalneckarea
(Eq.(4.1)),
Porosity=AN−AFDAN ×100%, (4.1)
whereAN andAFDrepresentthetotalneckareaandareaoftheFDstruts,respec-
tively.
AsshowninFigure4.2,wefirstextractedtheregionofinterest(showninFig-
ure4.2b)fromtheoriginalimage,whichcouldbeviewedastheneckoftheaneurysm.
Thenthelevelsetwithelipsemethod([Alessandrinietal.(2011)])andtheOtsu’s
method([Otsu(1975)])wereperformedtoachievetheneck(Figure4.2c)andthe
FDstruts(Figure4.2d)segmentation,respectively.Atlast,withthesegmentation
64
Cete thèse est accessible à l'adresse : htp:/theses.insa-lyon.fr/publication/2015ISAL0081/these.pdf 
© [Y. Zhang], [2015], INSA Lyon, tous droits réservés
YueZHANG
4.2. MATERIALSAND METHODS
results,theporosityvaluesforeachcasecanbeestimatedthroughEq.(4.1
(a) (d)(b) (c)
AN
)
Figure4.2:OverviewoftheporosityestimationframeworktakingPatient2asan
example.(a)thegeometryoftheaneurysmofPatient2,(b)neckextractionofthe
aneurysmofPatient2,(c)necksegmentationusinglevelsetwithelipsemethod,
(d)segmentationofstrutsofFDdeviceusingOtsu’smethod.
SegmentationoftheneckregionofPatients’aneurysms
Sincewe’readdressingthenecksegmentationofaneurysms,whichisnormaly
boundedbydiscontinuousandelipse-likecontours(showninFigure4.2b),weare
ledtouselevelsetwithshapepriorproposedby[Alessandrinietal.(2011)]and
theiradoptedgeneralexpressionfortheenergyfunctionalcanbegivenasfolows,
E=Edata+α·Eshape, (4.2)
whereEdatarepresentsthechosendataattachmenttermandEshapeembedsthe
shapeprior(elipsewasusedastheshapepriorinthepresentstudy).Theweightα
correspondstoapositivehyper-parameterthatbalancestheinfluencebetweenthe
twoterms(inthepresentstudy,α=0.2wasselectedthroughthetests).
ThelocalizedversionoftheChan-VesemodelwaschosenastheEdatabecause
ofitsexcelentskilinsegmentingobjectswhoseboundariesarediscontinuousor
heterogeneous,andtheminimizationofEdatawithrespecttoφleadstothefolowing
levelsetequation,
∂φ
∂τx=f(x)·δ(φ(x)), (4.3)
whereδ(·)istheDiracdeltafunctionand
f(x)=
Ω
B(x,y)δ(φ(y))·((I(y)−ux)2−(I(y)−vx)2)dy. (4.4)
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Meanwhile,thefunctionB(·)isabinarymaskdefinedas,
B(x,y)=


1,ify∈N(x)
0,otherwise
, (4.5)
whereyisaspatialvariableandN(x)correspondstoauser-definedneighborhood
atpointx.Thequantitiesuxandvxcorrespondtothelocalizedversionoftheinside
andoutsideaverageintensityvaluesmeasuredinthewindowN(x).
Furthermore,[Alessandrinietal.(2011)]introducedanannularshapeconstraint
intotheirlevelsetframeworkbyminimizingthefolowingenergycriterion,
Eshape(φ,λ)=ΩΨ
2(x,λ)∇φ(x)δ(φ(x))dx, (4.6)
whereΨ(x,λ)wastheimplicitfunctionrepresentingthedistanceofapointxfrom
theannularshapedefinedbytheparametersλ.Equation4.6readsasameasureof
thedistancebetweentheactivecontourandtheshapeprior,andthereforeimposesa
similaritybetweenthesegmentationresultandtheprioritself.ThefunctionΨ(x,λ)
correspondstothealgebraicdistanceofapointx=(x,y)toanelipse,represented
bythestandardquadraticequationforconicsections,anddefinedas,
Ψ2(x,λ)=λ1x2+λ2xy+λ3y2+λ4x+λ5y+λ. (4.7)
Segmentationofthestruts
Easilytoknow,theFDstrutsholdasignificantcontrastwiththebackgroundof
theneckdomain.Otsu’smethod(seemoredetailsin[Otsu(1975)]),whichisknown
asthemostfamousimagethresholdingmethod,isimplementedtosegmenttheFD
strutswhichcanbeobservedinFigure4.2d. TheadvantageofOtsu’smethodis
thatit’snotonlyperfectefficientandaccurateforthepresentrequest,butalsovery
cheaptoimplementnumericaly.
4.2.3 NumericalsimulationsofbloodflowwithlatticeBoltz-
mann method
ThebloodflowsimulationsofIAswiththerealFDsusedforsurgeriesremaina
chalenge,duetothediversityofspacialscalesoftheflowfield.Thetypicaldiameter
ofthestrutsoftheFDsisassmalas25µm,whiletheartery(3∼5mm)canbe
hundredstimeslarger.It’sahardtimetogenerateacomputationalgridtoadapt
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tothesedifferentspacialsizes,andthecalculationofthefluidequationsonsucha
gridcanbeevenharder.
However,thelatticeBoltzmannmethod(LBM)(seemoredetailsin[Succi(2001)b])
offersthepossibilitytosolvethefluidequationswitharegulargrid.Combininga
so-caledbounce-backboundarycondition,wecansimplyidentifyalgridnodes
locatedinsidesolidobstacles(likestrutsinthepresentstudy)andlabelthemap-
propriately.LBMalowsustofulyresolvetheflowpatternofbloodflowonagrid
withmoderateresolutionandatareasonablecomputationalexpense,insteadof
usingtheanalyticalmodeltoestimatetheinfluenceoftheFDs.
Besides,wedidathoroughconvergenceanalysistofindanappropriateresolution
forthenumericalsimulations.AccordingtoconvergencestudymadebyEuropean
ProjectTHROMBUS(donebyDr.JonasLattandProf.BastienChopard),forthe
purposeofhemodynamicstudywithinIAswithFDs,agridresolutionoftheorder
ofthestrutsdiameterissufficient(thegridspacinginthisstudyisaround29µm).
Wedemonstratedthatforthepresentsimulations,adimensionlesslatticevelocityof
uLB=0.04canprovidesufficientaccuracy.Foreachpatient,thisapproachwasused
toimposeno-slipconditionsalongthebloodvesselwal,aDirichletconditionwith
atime-oscilatingPoiseuileprofileattheinlet,andconstant-pressureconditionsat
theoutlet(seemoredetailsfrom[Succi(2001)b]). Furthermore,consideringthat
inlargervessels(diameter>0.5mm)bloodbehavesquitesimilarasaNewtonian
fluid[Nicholsetal.(2011)],anincompressibleviscousNewtonianfluidwithdensity
ρ=1060kg/m3andkinematicviscosityν=3.3×10−6m2/swasassumedinthe
presentstudy.Andinordertoreduceinitialtransients,morethantwocardiaccycles
werecomputedanddataofthesecondwereanalyzed.
4.3 Resultsanddiscussion
Theinvestigationscanbedividedintotwomaingroupsbasedondifferentobjec-
tivesofthisarticle.Inthefirstone,wedesiretodiscoverhowtheporosityconfigu-
rationsinfluencethebloodflowreductionwithintheIAsacwith3Dpatient-specific
geometriesandvelocityprofiles.Thereforeweconcentratedononepatient-specific
geometry(Patient2)anddefinedarelativelargevaluerangefortheporositycon-
figurations.Bykeepingotherparametersunchanged(e.g.thelength,thestarting
andendingposition),wehaverunsimulationsfor10caseswithdifferentporosity
configurationswhichareshowninTable4.2,stipulatingthattheporosityequals
100%whentherewasnoFDdevice.
Thesecondobjectiveofthisarticleistoprovideasecureporositythresholdin
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ordertohelp,especialyforthephysicians,toinvestigatetheFDefficiencybefore
theclinicalinterventionandselecttheoptimizeddevicesforthepatientstotrigger
thethrombusformation.Inthisstage,weincludedfourpatientsandsetupthree
differentporositylevels(showninTable4.1),includingthattheporosityatlevel3
correspondstotheFDsusedintheclinicaltreatmentsforthesefourpatients.
Table4.1:Differentporositylevelsforfourpatientstofindtheoptimizedporosity
configuration.
Level0 Level1 Level2 Level3
Patient1 100 85.8 78.0 70.2
Patient2 100 85.5 77.5 68.8
Patient3 100 85.5 77.9 69.5
Patient4 100 85.1 77.5 69.5
Thereductionpercentage[Baráthetal.(2005)],isusedtoinvestigatetheFD
efficiency,whichisdefinedas
P¯ur=x¯nf−x¯fdx¯nf ×100%, (4.8)
wherex¯nfandx¯fdrepresentthemeanvariables(e.g.velocity,shearrateand WSS)
withintheIAsacwithandwithoutthepresenceofFD,respectively.Besides,[Rayz
etal.(2008)]suggeststhatregionsinIAswithlowvelocities(smalerthan0.025
m/singiantaneurysms)areparticularlypronetothrombusformation.Thisvelocity
thresholdwilbeusedtofindtheFDswithsufficientefficiency,whichalsowillead
toaoptimizedporosityconfiguration.
4.3.1 AnalysisofnumericalsimulationsofPatient2
Figure4.3(a)ilustratesthevelocitymagnitudeinaplanewithoutandwith
differentporosityFDs,atthepeaksystolictimeinthepulsatingflowcondition.
Specificaly,itcanbeobservedthatmoreandmorebloodwithhighvelocityare
blockedbytheFDsaroundtheneckofeachIA,whichinduceanoveral monotonic
decreaseinvelocitywithdecreasingporosity.Thesefactsreflectthewel-anticipated
factthattheefficiencyofFDdevicesinreducingintracranialaneurysmalflowis
substantialyinfluencedbyitsporosity.Indeed,whentheporositybecomessmaler,
bloodflowenterstheaneurysminflowzoneharderandatalowerspeed,producing
accordinglylowervelocitywithintheaneurysmsac.
ThestrutsofFDdevicesblockthebloodflowanddecreaseitsvelocity.Espe-
cialy,flowdivertingeffectsdisconnecttheaneurysmalflowfromtheparentartery
68
Cete thèse est accessible à l'adresse : htp:/theses.insa-lyon.fr/publication/2015ISAL0081/these.pdf 
© [Y. Zhang], [2015], INSA Lyon, tous droits réservés
YueZHANG
4.3. RESULTSANDDISCUSSION
(a)
(b)
Figure4.3:VisualizationofnumericalsimulationsoftheaneurysmofPatient2at
thepeaksystolictimeinthepulsatingflowcondition.(a):velocitymagnitudeina
planeperpendiculartothedirectionofinflowoftheaneurysmwithdifferentporosity
configurations;(b):streamlinesplotsfordifferentcases.Bi(0≤i≤9):caseswith
differentporosityconfigurationswhichareshowninTable4.2.
andrestoreaphysiologicalflow.Numberofstreamlinesarereducedrelativetothe
decreaseofporosity. Thevariationoftheflowpatternsintheaneurysmwithor
withoutFDdevicesareshowninFigure4.3(b),whichrevealsthatvelocitiesand
thecomplexityofbloodflowwithintheaneurysmsacaresubstantialyreducedafter
treatment.Furthermore,bydecreasingtheporosity,theflowstructuresmaychange
and,inparticular,becomesmootherandsimpler(i.e.lessswirling).Thevortexsize
isreducedduetotheplacementofFDdevicesandthelocationofvortexcentermay
shiftfromthedometothecenteroftheaneurysmsac.
Thetimeevolutionofthemeanvelocityofbloodflowwithintheaneurysmsac
wasilustratedinbottomrowofFigure4.3providingaqualitativeanalysisonthe
flowreductioncorrespondingtodifferentporosityconfigurations.Figure4.4(a)ex-
hibitsthat,themeanvelocitywithintheaneurysmsacwasreducedwithdecreasing
theporosityoverthecardiaccycle. Moreover,thedifferencebetweenthemaximum
andminimumvelocity(atpeakssystoleanddiastole)becamesmalerandsmaler.
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Toachieveaquantitativecomparison,weextractedtheaverageofthemeanvelocity
overonecardiaccycleforeachcasethroughEq.(4.8).Itcanbeobservedthatthe
flowreductionincreaseswithdecreasingporosityconfigurations.However,another
importantpointwewouldremarkisthat,atthesametime,adecreasingflowre-
ductionratewasobservedinFigure4.4(b),especialywhentheporosityissmaler
than70%
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Figure4.4:(a):thevariationofmeanvelocitywithintheIAsacfordifferentcases
overonecardiaccycle;(b):thereductionpercentageoftheaverageofthemean
velocitywithintheaneurysmsac(overonecardiaccycle)fordifferentcases.Bi(0≤
i≤9):caseswithdifferentporosityconfigurationswhichareshowninTable4.2.
Thedistributionsof WSSmagnitudeformaximuminflowatpeaksystoleare
showninFigure4.5. Althoughthemagnitudeofthe WSSchangesthroughone
cardiaccycle,the WSSdistributionbehaviorremainsapproximatelythesame.For
eachcase,FDdevicereducedtheoveral WSSmagnitudewithintheIAdome,as
welaspartsoftheparentvessel.Furthermore,fortheaneurysmdomeofeachcase,
the WSSmagnitudeoftheregionneartheinletwasreducedmoredramaticaly.
InTHROMBUSproject,astrongsimilaritywasfoundbetweenthisregionwith
CFD-predictedlow WSSflowsandtheregionsofthrombusdepositionobserved
in-vivo/in-vitrostudies.
Asummaryofthereductionpercentageofhemodynamicvariablesafterthede-
ploymentofFDswithdifferentporosityconfigurationsforPatient2,isprovidedin
Table4.2,whereVsacrepresentstheaverageofthemeanvelocitywithineachIAsac.
Quantitively,anoveral monotonicdecreaseineachhemodynamicvariablecanbe
observedwithdecreasingporosityconfigurations. However,thereductionratefor
eachhemodynamicvariablesloweddown,especialywhentheporositywassmaler
than70%.ForPatient2,accordingtoourinvestigationtheefficiencyofaFDwith
theporosityaround64%(caseB6)canbesufficient.
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Figure4.5: WSSmagnitudedistributionsforPatient2withandwithouttheFDs
atpeaksystolictime.Bi(0≤i≤9):caseswithdifferentporosityconfigurations
whichareshowninTable4.2.
Table4.2:Theaverageofeachhemodynamicvariable(overonecardiaccycle)along
withitsreductionpercentageforPatient2withdifferentporosityconfigurations.
Cases Porosity Vsac(m/s) Shearrate(s−1) WSS(Pa)
B0 100 0.166(0.0%) 1.581(0.0%) 2.875(0.0%)
B1 85.5 0.108(34.9%) 1.072(32.2%) 1.681(41.5%)
B2 81.7 0.086(48.2%) 0.859(45.7%) 1.276(55.6%)
B3 77.5 0.063(62.0%) 0.628(60.3%) 0.829(71.2%)
B4 72.9 0.043(74.1%) 0.434(72.5%) 0.478(83.4%)
B5 68.8 0.030(81.9%) 0.299(81.1%) 0.277(90.4%)
B6 63.9 0.021(87.3%) 0.208(86.8%) 0.163(94.3%)
B7 59.7 0.015(91.0%) 0.149(90.6%) 0.098(96.6%)
B8 55.6 0.010(94.0%) 0.109(93.1%) 0.061(97.9%)
B9 51.7 0.007(95.7%) 0.079(95.0%) 0.037(98.7%)
4.3.2 Analysisofnumericalsimulationsoffourpatients
Inordertodrawageneralconclusion,thenumericalsimulationsoffourpatients
areinvestigatedinthissection. Aswementionedinsection4.2.1,fourgroupsof
simulationswerelaunchedwithdifferentporositylevels(Level0representsthecases
withoutFDsandlevel3correspondstheFDsusedinthemedicaltreatments).The
velocitydistributionforeachpatient-specificcaseisshowninFigure4.6.Itcanbe
observedthatforeachcase,theFDssuccessfulydisconnectedtheaneurysmalflow
fromtheparentarteryandrestoredaphysiologicalflow.AndforeachcasewithFD,
thevelocitymagnitudeswithinIAsacwerereducedsignificantlywhilethebehavior
ofbloodflowwithintheparentarteryremainedalmostthesameasthecasewithout
FD.Furthermore,italsocanbenoticedthatforeachcase,thevelocitymagnitudes
withinIAsacstayedconsiderablylowforthesefourpatientswhentheporosityis
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Patient 1 Patient 2 Patient 3 Patient 4
atlevel3.
Figure4.6:Thevelocitymagnitudedistributionatpeaksystolictimeinthepul-
satingflowconditionforeachpatient.Fromtoprowtothebottomrow:porosity
configurationsfromlevel0tolevel3.Fromleftcolumntoright:Patient1toPatient
4.
ThevariationofmeanvelocitywithinIAsacandmeanWSSontheIAsacsurface
foreachpatient(overonecardiaccycle)isshowninFigure4.7andFigure4.8,
respectively. Foreachpatient,itcanbefoundthattheflowreductionincreased
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withdecreasingporosityconfiguration. Besides,foreachpatientwithoutFD,we
noticethatthevelocitywaveformwassubjecttoheartpulsatilityandremained
quitesimilaraseachpatient-specificvelocityprofile.Evenitcanbeobservedthat
theFDsdidn’tchangethepeaksystolicanddiastolictime,buttheflowdivertion
reducedtheeffectsoftheheartpulsatilityanditchangedthevelocitywaveformfor
eachpatientsmootherandsmootherwithdecreasingporosityconfigurations,which
isalsocanbeobservedintheWSSwaveform.Comparingtothevelocitywaveform,
Figure4.8
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showsthatthe WSSwaveformwasmoresensitivetotheflowdivertion
effectsincethereductionforWSSissubstantial,especialyfortheporosityatlevels
2and3.
Figure4.7:ThevariationofmeanvelocitywithintheIAsacforeachpatientover
onecardiaccycle.Li(0≤L≤3):caseswithdifferentporositylevelswhichare
showninTable4.1.
Theaverageofmeanvelocity(representedbyVsac)withinIAsacoveronecardiac
cycleforeachpatient,aswelasthecorrespondingreductionpercentage,areshown
inTable4.3.Thediversityofthereductionpercentagecanbeobserved(whichalso
canbeobservedinFigure4.7andFigure4.8). Forexample,theflowreduction
reached53.2%forPatient3withtheporosityaround85%(level1)whileitwas
only34.9%forPatient2underthesameconfiguration.Itrevealsthat,evenwith
theporosityatthesamelevel,theFDefficiencycanvarylargelydependingonthe
patients.Thisfactindicatesthat,thevolumesize,themorphologicfactorsandthe
inletvelocityoftheIAsmayalsoinfluencetheFDefficiency.
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Figure4.8:Thevariationofmean WSSontheIAsacsurfaceforeachpatientover
onecardiaccycle.Li(0≤L≤3):caseswithdifferentporositylevelswhichare
showninTable4.1.
Table4.3:TheaverageofmeanvelocitywithIAsac(overonecardiaccycle)along
withitsreductionpercentageforfourpatient-specificmodelswithdifferentporosity
configurations.
Vsac(m/s)
Patient1 Patient2 Patient3 Patient4
Level0 0.078 0.166 0.230 0.098
Level1 0.033(35.2%) 0.108(34.9%) 0.107(53.2%) 0.050(48.3%)
Level2 0.013(83.8%) 0.063(62.0%) 0.050(78.1%) 0.023(76.6%)
Level3 0.005(93.1%) 0.030(81.9%) 0.032(85.9%) 0.011(89.2%)
TheaverageofmeanvelocitywithintheIAsacandmean WSSontheIAsac
surfaceforeachIAareanalyzedandshowninFigure4.7.Aswementionedbefore,
foreachIAwiththeFDatsameporositylevel,biggerreductioncanbeobservedin
WSSthanvelocity. Meanwhile,adroppingreductionraterevealsanon-linearcor-
relationbetweentheporosityandtheFDefficiencyforeachIA.Besides,oneremark
wewouldpointoutisthatadiversityofthereductionpercentagecanbeobserved
forfourIAs(thequantitativedatacanbefoundinTable4.3).Forexample,the
velocityreductionreached53.2%fortheIAofPatient3withtheporosityaround
85%(level1),whileitisonly34.9%fortheIAofPatient2underthesamecon-
figuration.Also,theFDobtainslowestefficiencyfortheIAofPatient1whenthe
porosityisaround85%,theFDmakeshighestefficiencywhentheporosityisaround
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65%.Itrevealsthat,evenwiththeporosityatthesamelevel,theFDefficiencycan
varylargelydependingonthepatients. Thisfactsuggeststhat,thevolumesize,
themorphologicfactorsandtheinletvelocityoftheIAsmayalsoinfluencetheFD
efficiency.Forexample,ifwetakethevolumeofIAsmentionedinthebeginning
intoconsideration,theresultsshowninFigure4.9
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indicatethat,theFDsmayhave
abetterefficiencyfortheIAswithbiggervolumeswhentheporosityislowerthan
75%.Inparticular,thebiggerthevolumeofIAis,thehigherefficiencytheFDmay
have.
Figure4.9:ThereductionpercentageoftheaverageofmeanvelocitywithintheIA
sacandmean WSSontheIAsacsurfaceforeachIAwithdifferentporositylevels
showninTable4.1.
Inotherwords,thereisnoclearcorrelationbetweentheporosityandFDeffi-
ciencyfordifferentIAs,whichmakesitrealydifficulttopredicttheFDefficiency
withdifferentporositylevelsafterthedeployment. However,weknowthatinthe
THROMBUSproject,theclinicaldoctorssuccessfulytreatedthesepatientswith
theFDsofporosityaroundlevel3.Consideringthisfactandthefindingthatlow
velocity(<0.025m/s)isnormalyassociatedwiththrombusformation[Rayzetal.
(2008)],ourinvestigationonfourpatientsindicatesthatavalueofporosityaround
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65%canbesufficientforthepatientstotriggerthethrombusformation.Finaly,the
clinicaldoctorsmighttakeourstudyintoconsiderationtomakeanpatient-specific
estimationoftheFDefficiencybeforetheinterventionandtoselecttheoptimized
deviceconfigurationforthepatients.
4.4 Conclusions
InthischapterweinvestigatedtheeffectoftheFDporosityinthereductionof
thebloodflowwithintheIAbeinganimportantfactorinthehealingprocess,partic-
ularlythethrombusformation.Numericalsimulationsofone3Dpatient-specificIA
modelofPatient2suggeststhattheefficiencyofFDsissubstantialyassociatedwith
theporosityconfiguration.Inparticular,theefficiencywilincreasewithdecreasing
porosityconfigurations(anon-linearcorrelation). Meanwhile,itwasobservedthat
theincreaserateofefficiencyofaFDslowsdownwhenwecontinuedecreasingthe
porosity,especialywhentheporosityislowerthan70%.Thenumericalsimulations
offourpatient-specificmodelsshowadiversityoftheFDefficiencywiththeporos-
ityatsamelevel.Thisobservationsuggeststhatmorphologicfactors,suchasthe
volumeandtherelativelocationofIA,aswelastheinletvelocitycanpartlyinflu-
encetheFDefficiency.TheabovefactsmakeithardtopredicttheFDefficiency
withdifferentporositylevelsfordifferentIAs. Morepatientswouldbeneededto
confirmthistendencyofnocorrelationandoneadditionalwaywilconsistinadding
thebiologicalcharacteristicsofthebloodofthepatientlinkedtotheclotformation
whichwouldmodulatethehereinresults. However,consideringthesuccessmade
inthemedicaltreatmentsforthesepatients,thepresentstudyindicatesthataFD
withaporosityaround65%wouldbesufficientforthetreatmentforthepatients.
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Chapter5
Hemodynamicinvestigationofmultiple
flowdiverterdevicesusedinIAs
Aswementionedinpreviouschapters,FDdevicessuchasPipelineEmboliza-
tionDevice(PED,Covidien,Irvine,CA)werereportedasthemostrecentadvanced
endovasculartreatmentforIAs. Despitethegreatsuccessthathasbeenmadein
treatingIAs,thefunctionofFDhasnotbeenfulyunderstoodduetoitshighflexi-
bilityandthediversityexistinginpatient-specificconditions.Frequently,someIAs,
suchasfusiformorlarge-necksaccularones,cannotbetreatedwithasingleFD.In
ordertoachievesufficientflowmodification,differentstrategieshavebeenintroduced
inclinicalpractice,includingoverlappingmultipleFDsandcompactingasingleFD
todecreasetheporosityacrosstheIAneck.Itwasreportedin[Fischeretal.(2012)
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that66%patientsweretreatedwithmultipledevices.Inthischapter,wetookthe
helpofhemodynamicinvestigationtoconcentrateonthecomparisonbetweenthese
twocommonstrategies(asingleFDwithlowporosityanddoubleFDs).Oneshould
notethatthestudyofthestrategyusingdoubleFDs,alsoanswerstheproblemof
theclinicaldoctorswhentheyhavetotreatalarge-neckaneurysm:ifmultipleFDs
strategywil makethesameflowmodificationintheaneurysmasasingleidealFD.
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5.1 Virtual multipleFDdevicesdeployment
InEuropeanprojectThrombus,Flórez-Valenciaetal.proposedanadditional
standaloneapplicationwhichiscapableofconstructingasecond(orathird)FD
bymodifyingthestrutcenterlinesforeachpatient-specificcase.Thisapplicationis
basedonthemethodweintroducedinChapter3anditsmainideaistotakethe
firstFDasthe“parentvessel”todeploythesecondone.
Firstly,theuserneedstoredefinethestartandendpoints, d0,dn,alongwith
thegeneratingaxisAwhichindicateswherethestrutscenterlinesmustberelocated
(seeFigure5.1(a)).InordertogeneratetelescopingFDdeviceswithinavessel
(Figure5.1(b)),acopyoftheoriginalRGC-smmodelrepresentingthesurfaceof
thevesselismodifiedtogenerateadistortedsurfacefortheinternalFD.Specificaly,
theRGC-smissubdividedintofiveintervalswherethesurfacecontoursaremodified
ifnecessary:
Section1[D0,d0−4rs)
Section2[d0−4rs,d0+4rs)
Section3[d0+4rs,dn−4rs)
Section4[dn−4rs,dn+4rs)
Section5[dn+4rs,Dn]
(5.1)
TheSection1andSection5areuntouchedastheyarerequiredtoremainapprox-
imatetothepatientvesselwal.Section3ismoved4rsunitsinwards(Figure5.1(b)).
Althoughthesetranslationsmightlooktrivial,itisimportanttonotethattelescop-
ingFDmustremainincontactwithinthevesselsinceoverlappingregionwould
resultinambiguoussurfacerepresentation,whichcouldrendertheFDsmeshunus-
ablefornumericalsimulations.ForSection2andSection4,originalRGC-smmodel
issub-sampled(sliced)alongthecenterlineAatconstantintervals,andthenthe
realpartofeachslicedcontourwilbemodifiedwithasinusoidalfunctiontoassure
asmoothsurfacetransitionbetweensections.
Figure5.2showedanexampleoftelescopingFDdeploymentswithexaggerated
strutdiameters.ThesetwosimplifiedinterlacedFDsalowtoseethesmoothinwards
displacementofthecylindersurfacefortelescopingdeployments.Furthermore,two
FDs(oneinredandtheotherinwhite)deployedinapatient-specificgeometry
(fromPatient12ofthedatabaseofTHROMBUSproject)areshownasanexample
inFig5.3(a).ItcanbefoundinFig5.3(b)thataltheredandwhitestrutsarewel
separatedastheyshouldbe.
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5.1. VIRTUAL MULTIPLEFDDEVICESDEPLOYMENT
(a)
(b)
Figure5.1:(a):Schematicoforiginalandadditionaldeliverypointstolocatethe
regioninwhichthesecondFDwilbelocated.(b): RGC-smsectionsalongA,
wherethesurfaceismovedinwards;thesolidanddottedlinesrepresenttheinternal
andexternalFDs.
Figure5.2:SimpleinterlacedFDswithexaggeratedstrutdiameters.
YueZHANG
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(a) (b)
Figure5.3:(a):Externalviewofembeddedvesselwithtwovirtualytelescoping
FDs;(b):internaldetailsofthestrutsofthesetwoFDs.
5.2 Resultsanddiscussions
InChapter4,we’velearnedthatasingleFDcouldbringpromisingreduction
ofthebloodflowforsidewalIAs.Inthissection,weconcentratedoncompari-
sonbetweentheefficiencyofasingleFD(withlowporosity)anddoubleFDsfor
onelarge-neckcase. Aswedidbeforetoavoidtheinfluencecausedbyothercon-
figurationsoftheFDs,wekeptthesamelengthandformforbothstrategies(see
Figure5.4). Oneshouldnotethat,inordertomakeacomparisonofthesetwo
strategies,theporosityoftheoverlappingregionforthesedoubleFDsshownin
Fig5.4(b)isquitesimilarasitofthesingleFDshowninFig5.4(a).
Wetookthehelpoftheopensoftware,Palabos(http://www.palabos.org/),to
conductournumericalsimulation.AswediscussedinChapter4,agridresolution
oftheorderofthestrutsdiameterissufficientandagridspacingaround29µm
aswelasadimensionlesslatticevelocityofuLB=0.04wereusedinthepresent
study. Besides,anincompressibleviscousNewtonianfluid[Nicholsetal.(2011)]
withdensityρ=1060kg/m3andkinematicviscosityν=3.3×10−6m2/swere
assumedinthepresentstudy.Alsoinordertoreduceinitialtransients,morethan
twocardiaccycleswerecomputedanddataofthesecondwereanalyzed.Palabos
imposedno-slipconditionsalongthebloodvesselwal,aDirichletconditionwith
atime-oscilatingPoiseuileprofileattheinlet,andconstant-pressureconditionsat
theoutlet.
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5.2. RESULTSANDDISCUSSIONS
(a) (b)
Figure5.4:(a):overviewofthesingleFDdeployedinPatient12;(b):overviewof
thedoubleFDsdeployedinPatient12.
5.2.1 Velocitystreamlinesand WSSdistributions
Thestreamlinesofpeaksystoleandenddiastoleforeachcasewereilustrated
inFigure5.5.ItshowedthatboththesingleFDanddoubleFDscouldachieveflow
reductionwithinthelarge-necksacoftheIAandmoreimportantly,bothstrategies
havechangedthelocationoftheinflowstreamandre-directedthehigh-velocity
bloodflowgoingthroughthe“theoreticalparentvessel”(whichcanberepresented
bytheFD)oftheIA.TheleftcolumnofFigure5.5alsoshowedthatatthetime
ofpeaksystole,velocitiesandthecomplexityofbloodflowwithintheIAsacwere
substantialyreducedafterbothstrategies.Furthermore,theflowstructuresmay
changeand,inparticular,becomesmootherandsimpler(i.e.lessswirling)andthe
locationofvortexcentermaystayatthecenteroftheIAsac.Oneshouldnotethat
thiseffectofFDsforflowstructureatthetimeoftheenddiastole(therightcolumn
ofFigure5.5)maybelessthanthetimeofpeaksystole,buttheFDsstilinduced
obviousmodificationforthebloodflowwithintheIAsac.
ThedistributionsofWSSatthetimeofpeaksystoleandenddiastoleareshown
inFigure5.6. Althoughthemagnitudeofthe WSSchangedthroughonecardiac
cycle,thedistributionbehaviorremainedapproximatelythesame.Foreachcase,
bothtwostrategiesreducedtheoveral WSSmagnitudeontheIAdome,aswel
aspartsoftheparentvessel.Alsoascanbeobserved,the WSSmagnitudeonthe
IAdomeatthetimeofpeaksystolewasslightlyhigherthanthatatthetimeof
enddiastole. However,the WSSreductionofbothstrategieswassignificantand
YueZHANG
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Single flow diverter
No flow diverter
Double flow diverter
Figure5.5:Thevisualizationofvelocitystreamlinesfortwostrategies.Leftcolumn:
peaksystole;rightcolumn:enddiastole.
the WSSdistributionafterflowdiversionshowedthatthesetwostrategiesmade
equivalenteffectontheflowmodification.
5.2.2 Quantitativecomparisons
QuantitativeanalysisofthevariationofmeanvelocitywithintheIAsacand
WSSofdifferentmeasurementpointswaspresentedinFig 5.7.Itcanbeobserved
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5.2. RESULTSANDDISCUSSIONS
Single flow diverter
No flow diverter
Double flow diverter
Figure5.6:The WSSdistributionsfortwostrategies.Leftcolumn:peaksystole;
rightcolumn:enddiastole.
thatbothstrategieshavesignificantlyreducedthebloodflowvelocitywithinthe
IAsac(Figure5.7(a))andthedifferencebetweenthesetwostrategieswasconsider-
ablysmal(inthiscasethedifferencedroppedbelow1%),whichcanbenegligible.
YueZHANG
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Figure5.7(b)andFigure5.7(c)
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showedthatformeasurementpoint1,therewas
onlyasmalvariation(oftheorderofthepercent)atthepeakofthe WSScurves
fromthesetwostrategieswhilethecurvesstayedquiteclosetoeachotherforthe
measurementpoint2.Thesequantitativeanalysisleadstotheconclusionthat,for
thepurposeofavelocityand WSSreductionfortheIA,bothstrategieshadquite
similarefficiencyandbothofthemcouldbeacceptableasanusefultreatment.
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Figure5.7: QuantitativecomparisonbetweenasingleFDanddoubleFDs.(a):
variationofmeanvelocityoftheIAsac(overonecardiaccycle);(b):variationof
WSSofmeasurementpoint1(overonecardiaccycle);(c):variationof WSSof
measurementpoint3(overonecardiaccycle).
5.3 Discussion
SingledensecompactionFDandtwooverlappingFDsarecommonstrategies
especialyforlarge-neckIAs.Inournumericalsimulations,bothstrategieswith
singleFDanddoubleFDscansignificantlyreducethebloodflowwithintheIA
sac. Thequantitativeanalysisalsoshowedthatthedifferencebetweenthesetwo
strategiescanbenegligible. Thisleadstotheconclusionthatbothstrategiescan
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5.3. DISCUSSION
providereasonableefficiency.Inotherwords,inordertoachievesufficientblood
modification(highflowreduction),bothstrategiesmaybeacceptableforlarge-neck
IAs.Besides,fortheclinicaldoctors,thepreliminaryworkhereindicatesthatusing
multipleFDswon’tbeaproblemininducingathrombusformationinthelarge-neck
aneurysm.
YueZHANG
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Chapter6
Thrombosismodelinginintracranial
aneurysms
6.1 Introduction
Thebiologicalmechanismofthethrombusformationinintracranialaneurysmis
totalycomplicatedandnotfulyunderstood.Studyofthisprocesshassignificant
biomedicalvalues,especialyfortheoptimizationofthetreatmentforintracranial
aneurysms.Inordertohaveareasonablemodelofthrombusformation,wehaveto
concentrateonthedeterminantstepsoftheprocessandthenthemainmechanism
involvedintheformationofaclotcanbesummarizedasthefolowingpartofthis
section.
Thetriggerpointcanbedefinedasthecreationofthrombin,whichresultsfrom
thetransformationoftheprothrombin(producedbyliver)inplasma.Thistransfor-
mationisduetotheexpressionofTissueFactor(TF)locatingatthesurfaceofthe
dysfunctionalendothelialcels(ECs)subjecttoabnormalconditions.Ascommonly
mentionedbyotherstudies,theabnormalconditionhereisespecialyknownasthe
lowwalshearstress(WSS).Grabowskietal.in[Grabowskietal.(2001)
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outthattheexpressionofTFcouldbeincreasedwhentheECsareunderlowWSS,
thusinducingaprocoagulantactivityoftheECsmembranes.
Thethrombinparticlesplayacentralroleinbloodcoagulationsinceitservesas
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theactivatorforfibrinogenparticles(synthesizedinliver)intheplasmatoadhere
eachotherintoacomplexinsolublenetworkoffibrinmesh[Mosessonetal.(2001)].
Theredbloodcels(RBCs)andplateletparticlescanbecapturedbythisfibrin
meshtoformaclot.
Therewouldbealsomechanismthattendstoslowdownorpreventthegrowth
ofaclot. Theantithrombinparticlesintheplasmacanbebroughttothefree
thrombinparticlestoannihilatethem[Hsieh(1997)]. Meanwhile,theplateletinside
thefibrinmeshcauseitscontraction,whichcanblocktheexpressionofTFandlead
toadecreasinggenerationrateofthrombin.Thesesfactscanpartlyslowdownthe
coagulationprocess[HathcockandNemerson(2004)].
Thentheplateletparticlescanproduceamechanicalbarrierontopofthefibrin
mesh,whichwilpreventthebleedingincaseofinjury. AnewlayerofECscan
bestimulatedbythisplateletbarrierandwileventualycoverthisbarriercom-
pletely[Bertrand-Duchesneetal.(2010),Royetal.(2011)].Ascanbepresumed,
theclottingprocesswilcontinueifthenewbornECsarestilunderlow WSS.
Besidesthebiologicalscenarioofthrombusformation,anotherpointwewould
liketoremarkistheonion-skinstructureofthrombus. Althoughwedon’trealy
havemedicalobservationsonalivepatients,somehistologicalcutsindicatethat
thrombusgrowsinthegiantaneurysmswithsuccessivelayers[Katayamaetal.
(1991)].Tosimulateathrombuslayerbylayerinpatient-specificgeometrieswould
havesignificantbiologicalvalues.Itwouldprovideusanopportunity,notonlyto
learnthelawofthrombusgrowthbutalsotopredictthetimewhenthethrombus
wilfilthecavityoftheaneurysm.
6.2 Numerical modelforthrombusformation
Themainchalengeofsimulatingthethrombusformationremainsinresolv-
ingthechemicalinteractionsbetweenmanydifferentparticlespresentinblood.In
ordertohaveareasonablecalculationtime,theEuropeanprojectTHROMBUS
(http://www.thrombus-vph.eu)proposedanumericalthrombusformationmodel
(moredetailscanbefoundinthearticlefromO.Malaspinasetal.,JournalofThe-
oreticalBiology,inpreparation)whichisbasedontheabovebiologicalmechanism
withacceptablesimplifications.Thismodelsimplifiesthecomplexprocessbytak-
ingthemostrelevantparticlesandinteractionsintoconsideration,whichcanbe
summarizedasfolows,
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6.2. NUMERICAL MODELFORTHROMBUSFORMATION
EndothelialCels WSS<Threshold−−−−−−−−−→probability1 Thrombin, (6.1)
Thrombin+Antithrombin−−−−−−→probability2 ∅, (6.2)
Thrombin+Fibrinogen−−−−−−→probability3 Fibrin+Thrombin, (6.3)
Fibrin−−−−−−→probability4 FibrinMesh, (6.4)
FibrinMesh+Platelet−−−−−−→probability5 Thrombosis, (6.5)
ThrombosisSpecifictimeT−−−−−−−−−→EndothelialCels, (6.6)
AnassumptionthatthethrombinparticlesareemittedbyECsdirectly(when
the WSSislowerthanthethreshold)ismadehere,justforsimplifyingtheprocess
thatTF+prothrombin−→thrombin. Thenecessaryconditionsandprobabilities
foreachinteractiontohappenaresummarizedoverthearrows.Forsimplicityand
inordertoaccelerateourcomputations,wetookaltheprobabilitiestoequal1,
exceptProbability1whichshouldbedeterminedbasedoneachpatient-specificcase.
Thespatialdomainiscomposedofaregulargridonwhichtheseparticlescan
moveandinteractateachtimestep.Fivetypesofparticles(viewedasLagrangian
pointparticles)wilbepresentinthespatialdomain.Thrombinparticlesareemitted
bytheECsandfibrinisaproductoftheinteractionbetweenfibrinogenandthrombin
particles,whilethefibrinogen,antithrombinandplateletparticlesarecarriedby
thebloodplasma. Anassociatedvolume(δx3)aroundeachgridnodehasbeen
introducedinthenumericalsimulation.Forinstance,ifwesaythatdifferentparticles
interactatonenode,itmeanstheyinteractintheassociatedvolume,asthevolumeb
showninFigure6.1.Eachletter(from“a”to“e”)showninFigure6.1representsthe
nodeanditsassociatedvolume.Thenodesindarkgrayrepresenttheoriginalvessel
walandthenewbornwal(likevolumee),wherethelatterrepresentsthatthenew
bornECshavecoveredthisdomain.Besides,anode(likenodef)surroundedby
thenewbornwal,wilbeturnedintoanewbornwaltoo.Thethrombinparticles
YueZHANG
Cete thèse est accessible à l'adresse : htp:/theses.insa-lyon.fr/publication/2015ISAL0081/these.pdf 
© [Y. Zhang], [2015], INSA Lyon, tous droits réservés
89
CHAPTER 6. THROMBOSIS MODELING IN INTRACRANIAL ANEURYSMS
Figure 6.1:Ilustration of particles, corresponding interactions and nodes transformations
involved in the present model.
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6.3. SIMULATEATHROMBUSLAYERBYLAYER
wouldbegeneratedatthenodeswhichareinlightgrayandclosetovesselwal
(likevolumea).Thenodewilbecomeafibrinmeshifatleastonefibrinparticle
ispresentinitsassociatedvolume(likevolumec). Furthermore,thefibrinmesh
nodecanonlybetransformedintoathrombusnodewhenitcapturestheplatelet
particles(likevolumed). Onealsoshouldnotethatthepresentmodelalowsthe
fibrinparticlesbothtoadheretothefibrinmeshnodes(fibrinmesh)andtothewal
nodes(ECs).
6.3 Simulateathrombuslayerbylayer
Figure6.2:Left:thefinalshapeofthethrombus(inlightgray),theparentvesselandthe
lumen(inwhite);right:boundarylines(inaplane)ofdifferentlayersofthethrombus.
Inthisthrombusformationmodel,athrombusnodecouldn’tproducethrombin
particlesuntilthisnodebecomesanewbornwalnodeafteraspecifictimeT.
It’sdifficulttodefinethisspecifictime,weproposeareasonableapproximationto
controlthisprocess.Consideringtheonion-skinnatureofthrombus[Ouaredetal.
(2008)]andtakingthefirstlayerasanexample,thisspecifictimeshouldbe(at
least)longenoughtoalowalthethrombinparticlestobeconsumedcompletely.
Inotherwords,weshouldwaitforthemomentthatthereisnothrombinparticle
insidethevesselandbythen,starttheprocessofnextlayer.Inourexperiments
weobservedthatafterthenumberofthrombinparticleswasfewerthan100,the
processofthrombusformationwasconsiderablyslow,whichcouldbeviewedas
thattheformationofthefirstlayerhasbeenalreadyfinished. Wewoulddefinethis
periodoftimeforthefirstlayerasthespecifictimeT(i.e.T=30forthepatient
YueZHANG
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showninFigure6.2).
Apatient-specificgeometry(agiantaneurysmwithspontaneousthrombus)was
usedtoinvestigatethisonion-skinmultilayermodel. Aplanehasbeentakento
ilustratethepreliminaryresult(seeFigure6.2),wherethewhitelinesrepresentthe
boundarycontoursforeachlayerofthethrombus.Ascanbeobserved,thismodel
providesagoodpredictionofthethrombusformation.Furthermore,theirregular
contourlinessuggestadiversityofthethrombusformationrate,whichmayhighly
dependontheflowpatternwithinthelumenoftheaneurysm.
6.4 Theeffectofvelocitymagnitudeonthrombus
formation
Withthehelpofthismultilayerthrombusformationmodel,weinvestigated
theeffectofvelocitymagnitudeonthrombusformationprocess.Inourtest,we
ransimulationswithfourinletvelocityprofiles,theoriginalvelocityprofile(the
oneusedinlastsectionwhichalowedustoobtainagoodpredictionofthrombus
formation,CaseC),triplemagnitudeoftheoriginalone(CaseA),doublemagnitude
oftheoriginalone(CaseB)andhalfmagnitudeoftheoriginalone(CaseD).Atthe
sametime,wekeptaltheotherparametersunchanged(e.g.the WSSthresholdfor
triggeringtheprocessofthrombusformation). Thevelocitydistributionsofpeak
systoleareshowninFigure6.3.Firstly,itcanbeobservedthatforeachcasethe
velocitywithinparentvesselishigherthanthatwithintheaneurysmsacduetothe
geometricalfactors. Meanwhile,thevelocityvariesdramaticalyindifferentcases,
especialyforthatwithintheaneurysmsac.
TheresultsofthrombusformationforeachcaseareshowninFigure6.4(please
notethatit’snotthefinalshapeofthethrombusforCasesCandD,westoppedthe
simulationsforalcaseswhentheprocessofthrombusformationstoppedinCase
B).Easilytonotice,inFigure6.4(a)thereiscompletelynopresenceofthrombus.
ForVaseB,althoughwecanfindfewspotsofthrombus,whichlocateatfarthest
placefromtheneckoftheaneurysm,theprocessstopsveryfastandthefinalform
ofthethrombusisshowninFigure6.4(b). ForCasesCandD,thethrombus
cancontinuegrowingwhentheprocesshasbeentriggered,butdifferentvelocity
magnitudesindeedaffecttheshapeofthethrombus.Itcanbeobservedthatthe
thrombusformedalovertheaneurysmwalinFigure6.4(c)whileitgrowsinspecific
regioninFigure6.4(d).
Basedonourinvestigation,wecandrawourfirstconclusionthattheveloc-
itymagnitudecanmakesignificantinfluenceontheflowpatternandtheshapeof
92
Cete thèse est accessible à l'adresse : htp:/theses.insa-lyon.fr/publication/2015ISAL0081/these.pdf 
© [Y. Zhang], [2015], INSA Lyon, tous droits réservés
YueZHANG
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Figure6.3:Thevelocitydistributionforeachcaseatpeaksystole.(a):thecase
withtriplemagnitudeoftheoriginalvelocityprofile;(b):thecasewithdouble
magnitudeoftheoriginalvelocityprofile;(c):theoriginalcase;(d):thecasewith
halfmagnitudeoftheoriginalvelocityprofile.
thrombus. Andthisworksuggeststhatthetreatmenttechniqueusingaflowdi-
verter(FD)toreducethebloodflowwithintheaneurysmsacinordertotrigger
thrombusformationcouldbereliable. Numericalsimulationcanbeusedtohelp
themanufacturersoptimizetheflowdiverterdevices. However,CaseD(theone
withsmalestvelocitymagnitudes)showsanunexpectedshapeofthethrombus(we
expectedthethrombuscouldfiltheaneurysmsacevenfasterthanCaseC)which
indicatesthattheprocessofthrombusformationisstilverycomplicatedandmore
experimentswilbeneeded. Meanwhile,ourinvestigationshowsthatfornumerical
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(a) (b)
(c) (d)
Figure6.4:Thrombusformationforeachcase.(a):thecasewithtriplemagnitude
oftheoriginalvelocityprofile;(b):thecasewithdoublemagnitudeoftheoriginal
velocityprofile;(c):theoriginalcase;(d):thecasewithhalfmagnitudeofthe
originalvelocityprofile.
studieswithpatient-specificgeometries,weshouldbecarefulofselectingtheinput
velocityprofilessincetheywouldmakesignificantinfluenceonthefinalresults.
6.5 Theeffectofvelocitypulsatilityindexonthrom-
busformation
Inthepresentstudy,wealsoinvestigatedtheeffectofthepulsatilityindex(PI)
ofthevelocityprofileonthrombusformation.ThePIwasadaptedfromtheindex
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6.5. THEEFFECTOFVELOCITYPULSATILITYINDEXONTHROMBUSFORMATION
usedinDopplerultrasoundforthecharacterizationofvelocitywaveforms,
PI=umax−uminumean , (6.7)
whereumaxanduminrepresentthemaximumandtheminimumvelocitymagnitude
oftheinputvelocityprofile,respectivelyandtheumeanrepresentstheaveragemag-
nitudeoftheinputvelocityprofile. WeranthesimulationswithfourdifferentPI
valuesandinordertomakeareasonablecomparison,theaveragevelocitymagni-
tudewerekeptthesameforalthecases. ThevelocityprofileswithdifferentPI
valuescanbefoundinFigure6.5,wherewecanseethattheoriginalvelocityprofile
(thesameoneusedinSection6.3
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Figure6.5:CaseswithdifferentPIvalues.
Thepreliminaryresultsfordifferentcasesatthesameevolutiontimeareshown
inFigure6.6. Ascanbeobserved,PIvaluescouldmakesignificantinfluenceon
thrombusformation.InFigure6.6(a),abigregionfarfromtheaneurysmsac
remainsasalumenpartwhichwilstilalowbloodflowtogoinsideit.Thiswould
makeitquitedifficultforthethrombustofiltheaneurysmsac,whichmaylead
topossibleriskforthepatient.AlthoughthePIvalueisslightlysmalerthanthat
inFigure6.6(a),aquitedifferentshapeofthrombuscanbefoundinFigure6.6(b)
andFigure6.6(c).However,wecanfindthatthethrombusformationrateforcases
inFigure6.6(b)andFigure6.6(c)isslightlysloweddowncomparingthethrombus
showninFigure6.6(d).
ThisinvestigationindicatesthatthePIoftheinputvelocityprofileshouldbe
takenintoconsiderationforthrombusformationstudy.Ononehand,withtheother
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(a) (b)
(c) (d)
Figure6.6:Thrombusformationforeachcase(thepartsinlightgrayrepresentthe
thrombus).(a):velocityprofilewith2.2timesPIvaluesoftheoriginalvelocity
profile;(b):velocityprofilewith2.0timesPIvaluesoftheoriginalvelocityprofile;
(c):velocityprofilewith1.8timesPIvaluesoftheoriginalvelocityprofile;(d):the
originalvelocityprofile.
parametersunchanged,biggerPIvaluecouldindicatebiggervelocitymagnitude
withintheaneurysmsacwhichcouldn’tcreateafavoriteenvironmentforthrombus
toform. Ontheotherhand,biggerPIvaluecouldpossiblemaketheflowpattern
morecomplexwithintheaneurysmsac,whichmaycausedifficultiesfordifferent
particlestomeettheendothelialcels. Bothfactsmayslowdownthethrombus
formationrateorevenstoptheprocess.ButMoresimulationsareneededtoobtain
abettercorrelationbetweenthePIofthevelocityprofileandthethrombusformation
process.
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ThisthesiswasdevotedtomakeadeepunderstandingofIAthroughhemody-
namicanalysesusingaCFDtoolbasedonthelatticeBoltzmannmethod.Ithas
beenfocusingonthehemodynamicinvestigationofefficiencyofFDdevicesandthe
thrombosismodelinginIAs.
Firstly,thisthesishasbeenfocusingontheinvestigationofporosityeffectonFD
efficiencyinIAs.Numericalsimulationsofone3Dpatient-specificIAmodel(Patent
2)suggestedthattheefficiencyofFDwassubstantialyassociatedwiththeporosity
configuration.Inparticular,theefficiencywouldincreasewithdecreasingporosity
configurations.However,italsohasbeenobservedthattheincreaserateofefficiency
ofaFDsloweddownwhenwecontinuedecreasingtheporosity,especialywhenthe
porositywassmalerthan70%.Thenumericalsimulationsoffourpatient-specific
modelsshowadiversityoftheFDefficiencywiththeporosityatsamelevel.This
observationsuggestedthatmorphologicfactorsandtheinletvelocitycanpartly
influencetheFDefficiency.Consideringthesuccessmadeinthemedicaltreatment
forthesepatients,thepresentstudyindicatedthataFDwithaporosityaround
65%canbesufficientforthetreatmentforthepatients.
Secondly,thisthesismadeacomparisonbetweensinglecompactedFDandtwo
overlappingFDs,whichwerecommonstrategiesforclinicaldoctorstotreatthe
wide-neckIAs.Inournumericalsimulations,bothstrategiescouldsignificantly
reducethebloodflowwithintheIAsac.Thequantitativeanalysisalsoshowedthat
thedifferencebetweenthesetwostrategiescouldbenegligible.Thisleadedtothe
conclusionthatbothstrategiescouldprovidereasonableefficiency.Inotherwords,
inordertoachievesufficientbloodmodification(highflowreduction),boththese
twostrategiesmaybeacceptableforwide-neckIAs.
Thirdly,thisthesisworkedonthethrombosismodelinginIAstodescribethe
onion-skinbehaviorofthrombusformationprocessandinvestigatetheeffectofblood
flowvelocityonthrombusformation.Thrombuswithonion-skinstructurewasob-
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servedinourinvestigationandbychangingthemagnitudeandthepulsatilityindex
ofvelocityprofile,thrombusformationcouldbetriggeredforsomecasesbutnot
fortheotherones. Moreover,differentlocationsandfinalshapesofthethrombus
wereobservedinourresults.Itshowedthatmagnitudeandthepulsatilityindex
ofvelocityprofilemayplayanimportantroleintriggeringthrombusformationand
thefinalshapeofthethrombus.
Perspectives
Basedonthepresentwork,morepatient-specificgeometriesshouldbeincluded
infutureporositystudytoprovideabettercorrelationbetweentheporosityconfig-
urationandtheFDefficiency.Alsomorepatient-specificgeometriesandmoreFD
deploymentstrategieswilbetakenintoconsiderationinthefutureworktofindan
optimaluseofthemultipleFDdevices. Moreparametersinonion-skinmultilayer
thrombusformationmodelwilbeinvestigatedinordertogiveabetterprediction
ofthethrombusformationformorepatient-specificgeometries.Alsothisthrombus
formationmodelcanbeextendedinthestudyofpatient-specificcaseswithFD
devices,whichcouldhelpmakeanoptimizationofthetreatmentwithFDdevices.
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